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A POWERFUL RONTGEN RAY TUBE WITH A PURE 
ELECTRON DISCHARGE. 


By W. D. CooLipceE. 
§1. INTRODUCTION. 


N an earlier publication attention has been called! to the use of wrought 
tungsten for the anticathode, or target, of a Réntgen tube of the 
ordinary type. In the development of this target many different designs 
were made and mounted in tubes, and these tubes were operated on 
what was then the most powerful Réntgen apparatus on the market, 
a 10 K.W. transformer coupled to a mechanical rectifying device. The 
operation of tubes in this manner, to see how much energy it took to ruin 
the target, gave perhaps an unusual viewpoint. When, as a result of 
these experiments, a satisfactory form of target had been developed, the 
writer became interested in studying the remaining limitations in the 
tube. Some of these limitations are the following: 

1. With low discharge currents the vacuum gradually improves, with 
a consequent increase in the penetrating power of the rays produced. 

2. With high discharge currents there are very rapid vacuum changes, 
sometimes in one direction and sometimes in the other. 

3. If a heavy discharge current is continued for more than a few 
seconds the target is heated to redness and then gives off so much gas 
that the tube may have to be reéxhausted. 

4. If the temperature of the standard copper-backed target is allowed 
to get up to bright redness, a rapid deposition of metallic copper begins 
to take place on the bulb, continuing for some time after the cutting off 
of the current, owing to the very slow rate of cooling from such tempera- 
tures in the evacuated space. 

5. Of the tubes tested, very many have failed from cracking of the 


1 Coolidge, Trans. Am. Inst. E. E., June, 1912, pp. 870-872. 
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glass, and this, with one exception, always at the same point; that is, in 
the zone around the cathode. In many cases there has first been chipping- 
out of the glass from the inner surface of the tube at this point. 

6. The focal spot on the target in many tubes wanders about very 
rapidly... In many cases where it does not show a tendency to wander, 
it will be found after a heavy discharge to have permanently changed 
its location. 

7. While it is relatively easy to lower the tube resistance by means of 
the various gas regulators, it is a relatively slow matter to raise it much. 

8. With very heavy discharges, the central portion of the usual massive 
aluminum cathode melts, and the molten globules so formed are shot 
right across the tube, flattening themselves out on the glass and sticking 
to it. When the melted area is small, no harm is done except that the 
curvature of the cathode at this point may be changed, and the focal 
spot may, in consequence, be moved. 

9. No two tubes are exactly alike in their electrical characteristics. 

10. The characteristics are in general far from ideal, in that the pene- 
trating power of the Réntgen rays produced, changes with the magnitude 
of the discharge current. 

11. When operated on a periodically intermittent current, even though 
it be of constant potential, the tube, of necessity, gives a very hetero- 
geneous bundle of primary Réntgen rays, for the reason that the break- 
down voltage of the tube is much higher than the running voltage.” 

It was found that limitations 3 and 4 could be removed by the use of a 
massive all-tungsten (in place of the usual copper-backed) target. 
Such a target can be run continuously at intense white heat. ‘Aside 
from eliminating the troubles incident to the use of copper, the all- 
tungsten target does not change the general characteristics. of the tube. 

An attempt was made to remove limitation 8, imposed by the low 
melting point of aluminum, by substituting for it a tungsten cathode of 
the same dimensions. Tubes made up in this way showed a behavior 
entirely different from that of the ordinary tube. They would have 
been absolutely hopeless from the standpoint of a practical radiographer. 
They were like the ordinary R6éntgen tube which is in the condition 
which the radiographer describes as “‘cranky.’’ Upon passing a dis- 
charge current of any magnitude through the tube, the resistance would 
quickly rise to a point where, even with an impressed potential difference 
of 100,000 volts, no further discharge would pass. The tube could be 
restored to its original condition by the liberation of gas from the vacuum 

'1In radiographic work, movement of the focal spot during an exposure is of course detri- 


mental to good definition. 
2 See F. Dessauer, Phys. Zeitschr., 14, pp. 246-247 (1913). 
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regulator. The phenomena would repeat themselves as often as one 
cared to make the experiment. Continuous operation for even a few 
seconds seemed out of the question. It finally developed, however, that 
with the adoption of the following expedient, the situation changed. 
Gas was admitted from the regulator and a discharge passed through the 
tube. As soon as the resistance had risen, more gas was admitted and 
the tube was again excited. These operations were repeated as rapidly 
as possible. With each excitation of the tube, the cathode became hotter. 
There was evidently the same focusing of the fositive ions bombarding 
the cathode as there was of the electrons at the anticathode, for there 
was a similar localization of heat at the two electrodes. A little conical 
depression which formed at the center of the cathode showed that, with 
the vacuum range employed, the positive ion bombardment was, at least 
mainly, confined to an area only about 2 mm. in diameter. As soon as 
the cathode had become heated to bright incandescence,' the behavior of 
the tube changed, and it could then be operated continuously for at least 
several minutes. Upon interrupting the discharge for a short time, and 
so allowing the cathode to cool, the “cranky” condition returned, and 
the tube could again be operated continuously only after repeating the 
procedure outlined above. 

Tubes like the above with tungsten cathodes showed, upon operation, 
a rapid blackening of the bulb. The deposit proved to be metallic 
tungsten. The conical depression which invariably formed at the center 
of the cathode seemed to indicate that this was the source of the deposit, 
the disintegration of the metal at this point being doubtless due to the 
mechanical action of the positive ions which bombard it. 

The extreme instability of vacuum attendant upon the use of a tungsten 
cathode in what was otherwise a standard Réntgen tube, called attention 
very forcibly to the part which is played by gases in the ordinary alu- 
minum cathode. (The tungsten cathodes used must have been, from 
their method of manufacture, relatively very free from gas.) 

A consideration of the above-mentioned limitations showed that they 
were for the most part incident to the use of gas and that they could 
therefore be made to disappear if a tube could be operated with a very 

1 The magnitude of the heating effect at the cathode was much greater with tungsten than 
it is with aluminum cathodes. In one case the cathode and the anode, which functioned also 
as anticathode, were both made of tungsten, exactly alike in size and shape and symmetrically 
placed in the tube (concave faces towards each other). On continuous operation, both ran 
at white heat, and, as nearly as the eye could judge, at the same temperature. Where alumi- 
num is used as the cathode material, much less heat is developed in the cathode than in the 
target. Willey (Vernon J. Willey, Archives of the Roentgen Ray, XII., p. 250, 1908) finds 


in tubes of the ordinary type that 75 to 85 per cent. of the total heat evolution in the tube, 
inclusive of the glass walls, takes place at the target. 
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much higher vacuum. In this case the electrons would have to be supplied 
in some other way than by bombardment of the cathode by positive 
ions. 

Richardson! and others had shown that electrons might be produced 
by simply heating the cathode. But the values of the thermionic 
currents obtained by different observers had varied between wide limits, 
so much so as to suggest that a Réntgen tube based upon this principle 
might be as unstable in resistance as is the standard tube. Moreover, 
the fact that the substances usually worked with, platinum and carbon, 
are so difficult to completely free from gas, suggested strongly that with 
the cleaner conditions (greater freedom from gas) that could be realized 
by the use of tungsten, the thermionic currents might cease altogether. 
Some experiments of Dr. Irving Langmuir,*? however, on the thermionic 
currents between two tungsten filaments in a highly evacuated space, 
were very reassuring. According to his observations, after a certain 
high degree of exhaustion had been reached, the thermionic currents 
increased, up to a certain limiting value, as the tube became freer and 
freer from gas. 

The idea of using a hot cathode in a Réntgen tube was not new, but, 
so far as the writer could learn, the principle had never been successfully 
applied in a vacuum good enough so that positive ions did not play an 
essential rdéle. 

Wehnelt and Trenkle* had used a hot lime cathode for the production 
of very soft Réntgen rays, working with voltages from 400 to 1,000. 
Wehnelt, in another. article, describes the use of his lime cathode in a 
Braun tube, and here he says that it is not advisible to employ more than 
1,000 volts, as otherwise cathode rays come off from that part of the 
platinum which is bare, giving bad disintegration. 

The Roéntgen rays produced by voltages as low as 1,000 are of course 
too “soft” for the ordinary applications. 

Lilienfeld and Rosenthal® had described a Réntgen tube whose pene- 
trating power is, they say, independent of vacuum. Their main alu- 


1 Proc. Camb. Phil. Soc., XI., 286 (1902); Proc. Roy. Soc., LX XI, pp. 415-418 (1903). 

2 See Goldstein, Ann. der Physik, 24, p. 91, 1885. He finds that platinum must be heated 
almost to its melting point to give an appreciable thermionic current. Also see H. A. Wilson, 
Proc. Roy. Soc., 72, pp. 272-276 (1903). . He concludes with the following statement: “‘It is 
probable that a pure platinum wire heated in a perfect vacuum would not discharge any 
electricity at all, either positive or negative, to an extent appreciable on a galvanometer.” 

3 This work is just being published. 

4A. Wehnelt and W. Trenkle, Sitzungsber. d. Phys.-Medic. Soc. in Erlangen, 37, 312-315 


(1905). 
& J. E. Lilienfeld and W. J. Rosenthal, Fortschritte auf dem Gebiete der Réntgenstrahlen, 


18, 256-263 (1912). 
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minum cathode and their platinum anticathode are shaped and located 
like the electrodes in the ordinary Réntgen tube. Besides these they 
have an anode and an auxiliary hot cathode. Current from a low 
voltage source passes from the hot cathode to the anode and this current 
furnishes the positive ions which by their bombardment of the main 
cathode liberate electrons from it. Their tube is dependent for its 
operation on the presence of positive ions, for without these there is no 
means provided for getting electrons out from the main, aluminum, 
cathode. Lilienfeld concludes from his extended experiments in tube 
exhaustion that the complete removal of all gas from tube and electrodes 
would not do away with positive ions. There would according to this 
view be no such thing as a pure electron discharge. Lilienfeld’s work in 
exhausting the gas from the tube itself and from the glass seems to have 
been excellent, but according to the experience of the writer, his 
electrodes were not sufficiently freed from gas to justify the conclusions 
drawn. Working even with tungsten electrodes in a tube so designed 
that the electrodes could be heated in place to very high temperatures, 
the writer has had the positive ion effects persist for hours, disappearing 
completely however as the electrodes become sufficiently freed from gas. 

The work of Dr. Langmuir had shown that a hot tungsten cathode in a 
very high vacuum could be made to continuously yield a supply of 
electrons at a rate determined by the temperature. 

Further work showed that very high voltages, up to at least 100,000, 
in no wise affect this rate of emission. For application to the fields of 
radiography and fluoroscopy, it was necessary to develop a satisfactory 
method of focusing. And, finally, the large amounts of energy trans- 
formed into heat in a R6ntgen tube render imperative the use of a very 
heavy target, and this made it necessary to develop methods for suf- 
ficiently freeing from gas large masses of metal. 

The result of efforts in this direction has been entirely successful, and 
tubes have been made, based upon this principle, which are free from all 
of the above-mentioned limitations. This is of particular physical interest 
because it brings all of the peculiarities of the R6ntgen ray tube into 
accord with the modern conception of electronic conduction and gas 
molecule decomposition In the following, it will be sufficient to describe 
one type (a focusing tube) and its characteristics, leaving for later papers 
the description of other types. 


§ 2. GENERAL DESCRIPTION OF THE NEW TYPE OF TUBE. 


The structural features of the new tube which differ from those of the 
ordinary type are the following: 
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The pressure, instead of being, as in the ordinary tube, a few microns, 
is as low as it has been possible to make it, that is, not more than a few 
hundredths of a micron. 

The cathode consists of a body which can be electrically heated (such 
as a tungsten or tantalum filament) and, suitably located with reference 
to this portion, an electrically conducting ring or cylinder, consisting 
preferably of molybdenum or tungsten or other refractory metal. The 
ring or cylinder is connected either to the heated portion of the cathode, 
or to an external source of current by means of which its potential may be 
brought to any desired value with respect to the heated portion. The 
heated portion of the cathode serves as the source of electrons, while the 
ring or cylinder assists in so shaping the electrical field in the neghborhood 
of the cathode that the desired degree of focusing of the cathode-ray 
stream upon the target shall result. 

The anticathode, or target, functions at the same time as anode. 

The operation is satisfactory only when the vacuum is exceedingly high, 
so high that the ordinary tube would carry no current even on 100,000 
volts. 


§ 3. THEORY OF OPERATION. 


As will be seen from the characteristics of the tube, in § 5, it gives, 
in operation, no evidence of positive ions. This makes the theory of its 
operation exceedingly simple. 

The discharge appears to be purely thermionic in character. 

The rate of emission of electrons from the filament appears to be in 
accord with Richardson’s Law, which says that the maximum ther- 
mionic current, which can be drawn from a hot filament is 

i= a’ Te? 
where T is the absolute temperature, e is the base of the natural system 
of logarithms, and a and 6 are constants. 

In the particular tube described in detail in this paper, over the range 
of temperatures and voltages included in the data of Table I., this simple 
law accounts perfectly for the conductivity of the tube. With still 
higher temperatures, however, the discharge currents would be found to 
increase at a much slower rate than that required by the above law. 
And the same applies, even in the temperature range of Table I., to a 
different tube design in which the distance between cathode and anode 
is greater. In these cases the failure to follow Richardson’s Law at the 
higher temperatures has been accounted for by Dr. Langmuir! by the 
spacial density of negative electricity in the neighborhood of the cathode. 


iL.c. 
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§ 4. DETAILED DESCRIPTION OF TUBE No. 147. 


This description relates to tube No. 147, which was used in getting the 
data for the following tables. Fig. 1 shows a complete assembly, while 











Fig. 1. 


Fig. 2 shows an enlarged detail of the cathode and of the front end of the 
target. 
The Cathode. 


In the diagrams, 25 is a tungsten filament in the shape of a flat, closely 
wound spiral. It consists of a wire 0.216 mm. in diameter and 33.4 mm. 
long with 5% convolutions, the outermost of which has a diameter of 
3.5mm. _ It is electrically welded to the ends of two heavy molybdenum 
wires 14 and 15, to the other extremities of which are welded the two 
copper wires 16 and 17. These in turn are welded to the platinum wires 
18 and 19. The molybdenum wires are sealed directly into a piece of 
special glass, 12, which has essentially the 


same temperature coefficient of expansion as 
molybdenum. This first seal is simply to in- 
sure a rigid support for the hot filament, the z 

4 


outer seal being the one relied upon for 
vacuum tightness. The outer end, 13, of the Fig. 2. 
support tube is of German glass like the bulb 
itself, and it is therefore necessary to interpose at S a series of inter- 
mediate glasses to take care of the difference in expansion coefficients 
between 12 and 13. The small glass tube, 20, prevents short-circuiting 
of the copper wires, 16 and 17. 

The filament is heated by current from a small storage battery which 
is, electrically, well insulated from the ground. 

In the circuit are placed an ammeter and an adjustable rheostat and, 
by means of the latter, the filament current can be regulated, by very 
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fine steps, from 3 to 5 amperes. Over this current range, the potential 
drop through the filament varies from 1.8 to 4.6 volts and the filament 
temperature from 1890 to 2540 degrees absolute. 


The Focusing Device. 


This consists of a cylindrical tube of molybdenum, 21. It is 6.3 mm. 
inside diameter and is mounted so as to be concentric with the tungsten 
filament, and so that its inner end projects 1.0 mm. beyond the plane of 
the latter. It is supported by the two stout molybdenum wires, 22 and 
23, which are sealed into the end of the glass tube, 12. It is metallically 
connected to one of the filament leads, at 24. 

Besides acting as a focusing device, it also prevents any discharge from 
the back of the heated portion of the cathode. 


The Anticathode or Target. 


The anticathode or target, 2, which also serves as anode, consists of a 
single piece of wrought tungsten, having at the end facing the cathode a 
diameter of 1.9cm. (Its weight isabout 100gm.) By means ofa molyb- 
denum wire, 5, it is firmly bound to the molybdenum support, 6. This 
support is made up of a rectangular strip and, riveted to this, three 
split rings, 11, 11, 11, all of molybdenum. The split rings fit snugly in 
the glass anode arm, 7. They serve the double purpose of properly 
supporting the anode and of conducting heat away from the rectan- 
gular strip and so preventing too much heat flow to the seal of the lead- 
in-wire, 9. 

The Bulb. 


This is of German glass and about 18 cm. in diameter. 


The Exhaust. 


This is as thorough as possible. 

For the earlier tubes, mercury pumps were used, with a liquid-air 
trap between tube and pump to eliminate mercury vapor. The whole 
tube, while connected to the pump, was in an oven and was heated at 
intervals to 470° C. Between heating operations the tube was operated 
with assheavy discharge currents as the condition of its vacuum would 
permit. For hours the tube would show the characteristics of an ordinary 
Réntgen tube, and in many cases a several days’ application of the above 
treatment was required to entirely eliminate these characteristics and to 
realize an essentially pure electron discharge. 

The exhaust time has been greatly reduced in two ways. The massive 
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tungsten anode is given a preliminary firing to a very high temperature 
in a tungsten-tube vacuum furnace.! The molybdenum support is also 
fired, to a somewhat lower temperature, in the same manner. In the 
second place, a Gaede molecular pump has been substituted for the 
mercury pumps and, at the same time, a very large and short connection 
has been adopted between tube and pump. 

In the later stages of the exhaust a very heavy discharge current is 
maintained continuously on the tube for perhaps an hour, the temperature 
of the bulb being kept from rising too high by the use of a fan. 

The pressure in the finished tube is very low, certainly not more than 
a few hundredths of a micron and probably much less than this. 


Connections and Method of Operating. 


The tube was connected as shown in the diagram, Fig. 3, in which, 
T is the tube; B is a small storage battery; A is an ammeter; R is an ad- 
justable rheostat which can be controlled from behind the lead screen 
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Fig. 3. 


which shields the operator from the Réntgen rays; S is an adjustable 
spark gap with pointed electrodes, which can also be operated from behind 


1 A description of this furnace will be published in the near future. The heating element 
consists of a tungsten tube 2.5 cm. inside diameter and 30 cm. long. This is fastened in an 
upright position and, by means of suitable terminals, is connected to a 100 K.W. transformer. 
The heating element is placed in a water-cooled metal cylinder and the space within connected 
to a pump which maintains, with the furnace at its highest temperature, a vacuum of a few 
microns. 
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the lead screen; and M is a milliampere-meter which can be read from 
behind the screen. 

As the high potential is connected to the battery circuit it is necessary 
that the latter shall be thoroughly insulated from the ground. 

As a high potential source, a 10 K.W. Snook machine, made by the 
Réntgen Apparatus Co., was used. This consists of a rotary converter 
driven from the direct current end and delivering alternating current at 
150 volts and 60 cycles per second to a closed magnetic circuit step-up 
transformer with oil insulation. From the secondary of this transformer 
the high voltage current is passed through a mechanical rectifying switch 
(which is direct-connected to the shaft of the rotary) and the milli- 
ampere-meter, M, to the tube. The output of the transformer is con- 
trolled by a variable resistance in the primary. 

Throughout these experiments a fan was kept blowing on the tube. 
Without this fan, the gas pressures in the tube would be slightly higher, 
and the discharge currents would be in consequence slightly lower. 


§5. CHARACTERISTICS. 


A. No Discharge Current unless Filament is Heated. 


Unless the filament is heated, the tube shows no conductivity in either 
direction, even with voltages as high as 100,000. 


B. Tube Allows Current to Pass in only One Direction. 


The tube suppresses any current in the direction which does not make 
the hot filament cathode. It is therefore capable of rectifying its own 
current when supplied from an alternating source. 

In the case of a focusing tube, however, the use of alternating current 
will very considerably lower the maximum allowable energy input. For 
as soon as the target becomes heated at the focal spot to a temperature 
approximating that of the filament, the tube will cease to completely 
rectify and, as the temperature of the focal spot rises, will allow more and 
more current to pass in the wrong direction. This, to be sure, will not 
cause either a harmful vacuum change or a metallic deposit on the bulb, 
as it would in the case of the ordinary tube, but it will give rise to needless 
heating of the bulb where it is bombarded by the cathode rays from the 
target, and to disturbing Réntgen rays emanating from the glass at this 
point. In the case of a tube which does not focus, but in which the 
cathode rays bombard the entire surface of the anode, the allowable 
energy input which the tube will completely rectify can be increased to 
any desired amount by simply increasing the surface of the anode. 
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C. Discharge Current Determined Primarily by Filament Temperature. 


With a given design, the amount of discharge current which can be 
passed through the tube is determined primarily by the temperature of 
the filament, and responds instantly to changes in the same in either 
direction. 

The effect of both temperature and voltage on the discharge current, 
in the case of tube No. 147, illustrated in Fig. 1, may be seen by referring 
to Table I., which gives the data on the finished tube after it had been 
sealed off from the pump. The focal spot was 3 mm. in diameter. 

In the table, Column I. gives the length in centimeters of the equivalent 
spark gap. 

Column II. gives the heating current (C) in the filament, expressed in 
amperes. 

Column III. gives the filament temperature (T), expressed in degrees 
absolute, corresponding to the values of C in Column IJ. The temper- 
ature values were obtained by comparison with a previously calibrated 
tungsten lamp. 

Column IV. gives the discharge current (7) through the tube, in 
milliamperes. _ 

Column V. gives the calculated values of (— log i/“ T) to the base 10. 

Column VI. gives calculated values of (.434/T X 10°). 

To obtain the data in the table, the experimental procedure was as 
follows: The filament current was first set at a predetermined point. 
The spark gap was next set, also at a predetermined point. The tube 
was then excited and the voltage across the tube terminals adjusted (by 
varying the resistance in the primary circuit of the transformer) until 
sparks were occasionally jumping across the parallel spark gap. The 
discharge current value was then read off from the milliammeter. 

The filament current was then raised to a second predetermined value. 
This increased the discharge current and lowered the potential across 
the tube terminals. The latter was then raised to its original value and 
and the new discharge current reading was obtained. 

In this way the discharge current value, for a given voltage, was 
brought up by steps to the point where the tube finally began to show 
signs of instability. The temperature-current series was then repeated 
with a different voltage. 

The values of discharge current and temperature, for each voltage, 
are plotted in Fig. 4. The different curves are seen to lie very close 
together, showing that over the range of voltages employed, the mag- 
nitude of the discharge current is practically independent of voltage. 
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This shows that the current in these experiments was always the satu- 
ration value.! 

According to Richardson, the relation between the saturation current 
flowing from a hot filament and the absolute temperature of the filament, 
is expressed by the equation i = a Y Te ?, in which 7 is the current, 
T is the temperature, and a and 6 are constants of which the first has 
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Fig. 4. 


to do with the concentration of electrons within the hot body, and the 
second represents the amount of work required to get the electron through 
the surface of the metal. e is the base of the Naperian system of 
logarithms. 

Richardson? applies this equation to his data fy first taking the 
logarithm, to the base 10, of both sides of the equation, which gives 


b 
log i = loga + 3 log T — 7.(.434) 


or 


— log—= = a8 log a 
VT T 


which is the equation of a straight line. 


1 The two points to the extreme right of the curves correspond to an unstablec ondition 
of the tube. The instability disappears instantly upon lowering the filament temperature. 
20. W. Richardson, Proc. Camb. Phil. Soc., 17, p. 293 (1901). 
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TABLE I. 
Il. Ill. IV. | Vv. | VI. 
. | : ° 
Bitament. | Ramen | Tarrents | —tog Z| AM yao 
(Amps.). | (Degs. Abs.). | (Milliamps.,). T T 
3.40 2010 | 1.7 1.4212 216.1 
3.45 2028 3.5 1.1094 214.1 
3.51 2049 6.4 4985 212.0 
3.60 2077 =| ~—Ss«11.3 .6056 209.1 
3.66 2088s 15.8 A611 208.0 
3.67 2104 «| 24.0 .2813 206.4 
3.71 2116 | 27.0 2313 205.3 
3.73 2121 | 40.0 0611 204.8 
3.29 1976 | 1.6 1.4438 219.8 
3.43 2020 3.3 1.1341 215.0 
3.52 2053 6.5 8433 211.5 
3.59 2074 +| 3810.6 6331 209.4 
3.64 2090 | 15.3 A753 207.8 
3.70 2110 | 22.3 .3138 205.8 
3.72 2120 «=| ~ 28.3 2113 204.9 
3.27 1970 | 1.6 1.4431 220.4 
3.43 2020 | 2.9 1.1902 215.0 
3.53 2055 5.7 .9005 211.3 
3.59 2074 9.7 .6716 209.4 
3.64 2090 CO 13.8 5201 207.8 
3.71 2116 «=| ~~ 21.8 .3242 205.3 
3.73 2121 =| ~ #262 .2449 204.8 
4.07 2240 36.2 1164 193.9 
3.09 1909 | 0.6 1.8411 227.5 
3.31 1980 | 2.5 1.2504 219.4 
3.40 2010s 4.4 1.0081 216.1 
3.50 2046 8.20 | 7416 212.3 
3.57 2070 | 12.6 | 5576 209.8 
3.67 2104 | 207° | 3455 206.4 
3.65 20906 | 21.8 | 3222 207.2 
3.71 2116 27.0 | 2313 205.2 
4.13 2259 | 35.4 1279 192.3 
3.28 1973 | 1.7 1.4171 220.2 
3.44 2023 | 34 | 1.1215 214.7 
3.55 2061 | 7.3 | .7937 210.7 
3.57 2070 | 10.1 .6537 209.8 
3.65 2093 16.9 4325 207.5 
3.68 2107 22.4 =| .3116 206.1 
3.68 2107 20.1 | .3586 206.1 
3.11 1917 1.0 1.6413 226.6 
3.36 1998 2.5 1.2624 217.4 
» 3.52 2053 4.5 1.0030 211.5 
3.64 2090 8.6 .7255 207.8 
3.71 2116 14.7 4954 ‘ 205.3 
3.72 2120s 19.6 .3708 204.9 
3.73 2121s 26.0 .2482 204.8 
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If then the values of Columns IV. and V. are plotted, they should lie 
along straight lines, provided conduction in the tube, between the voltage 
limits used, follows Richardson’s Law. 

Reference to the plots, Figs. 5 and 6, will show that the points are 
closely represented by straight lines. By reading off the tangents of 
the angles which the lines make with the horizontal axis we get the 
following values of the constant bd: 


Voltage Corresponding to Spark Gap of Value of 4. 


These values of 6 are interesting in that they all fall within the range 
of the values which are just being published by Dr. Langmuir. His 
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values were obtained from an apparatus in which the electrodes were 
fine tungsten filaments having a total mass perhaps 1/100,000 of that of 
the target in the above tube. His results show the enormous effect of 
gas on the value of 5, and the conclusion can, therefore, be drawn, that 
very large tungsten masses can be used in a tube without, to any ap- 
preciable extent, impairing the vacuum, even though these masses may 
be heated close to their melting point. 
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If the temperature of the filament is low, only a small number of 
electrons escape from it and, consequently, only a small discharge current 
(the saturation current) can be sent through the tube. Increasing the 
impressed voltage above that needed for this current value causes no 
further increase in current. It simply increases the velocity of the 
cathode rays and hence the penetrating power of the Réntgen rays. 








| 
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Fig. 6. 


At higher filament temperatures there is a current-limiting factor, 
other than the number of electrons emitted by the hot filament, which 
plays a dominating part. This factor is the spacial density of negative 
electricity in front of the cathode, which amounts, in effect, to a back 
electromotive force. This factor would play a very important réle at 
lower voltages; but in the case of the Réntgen ray tube the voltages 
involved are so high that, in case a suitable design is used, its influence 
can be entirely avoided, as is shown by the data of Table I. 


D. Penetrating Power of Rénigen Rays Determined by Voltage across Tube 
Terminals. 

The penetrating power of the Réntgen rays coming from the tube 
increases with the potential difference between tube terminals. 

With the tube excited from a variable potential source, such as the 
transformer, it did not seem safe to predict that, with the same equivalent 
spark gap, the rays would show, photographically, the same penetrating 
power as those from a standard tube. But upon making the experiment, 
using a Benoist penetrometer,! it was found that they did. 


1M. L. Benoist, C. R., 134, 225 (1902). 
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The experiment was interesting from another point of view in that it 
showed how readily the new tube could be adapted to a given set of 
conditions. 

An exposure was made first with a standard tube of the ordinary type, 
and the discharge current and equivalent spark gap were noted. A tube 
of the new type was then set up in place of the standard. It was but 
the work of a moment to adjust the new tube to the point where it showed 
the same discharge current and equivalent spark gap as the standard 
tube. The radiographs of the penetrometer, made with the two tubes, 
showed the same penetration number. 


E. Capable of Continuous Operation without Change of Characteristics. 


That the tube may be operated continuously without showing an 
appreciable change in characteristics is shown by the following experi- 
ment on Tube No. 147, illustrated in Fig. 1. 

The filament current was set at 4.1 amperes. This gave a discharge 
current of 25 milliamperes. The impressed voltage was then set at a 
point where the tube showed a 7 cm. equivalent spark gap. 

The tube was then run continuously, with no adjustment of any kind, 
for 50 minutes. The readings of discharge current and equivalent spark 
gap, taken every two minutes, are given in Table II. 


F. Sharpness of Focus. 


Sharpness of focus is determined mainly by the design of the tube. If 
the filament temperature is such that, with the voltage employed, the 
discharge current does not represent the saturation value, the size of the 
focal spot will vary with the impressed voltage. But in the tube shown 
in Fig. 1, over the range of voltages corresponding to an equivalent spark 
gap ranging from 4 to 14 cm., the focal spot does not vary appreciably 
in size. 

The tube may be made to focus more sharply by increasing the distance 
between the filament and the front (end facing the target) of the molyb- 
denum tube. This change in design will also affect the temperature- 
current characteristics of the tube in the direction that a higher filament 
temperature will be needed for a given discharge current value. 

Similarly it may be made to focus less sharply by decreasing the dis- 
tance between the filament and the front of the focusing device. 

All of the observations made are consistent with the idea that focusing 
is determined by the shape of the equipotential surfaces which may be 
drawn in the space between cathode and anode, and that the surfaces 
close to the cathode have the strongly preponderating influence. 
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TABLE II. 
Time. | none 1 | Rquivalent Spark Gap 
11:48 A.M. | 25 7.0 
:50 25 | ' 7.0 
:52 25 6.9 
:54 25 6.5 
:56 25 6.5 
12:00 P.M. 25 | 6.7 
:02 | 25 | 6.9 
:04 25 6.5 
06 | 24 | 6.4 
:08 24 | 6.5 
:10 24 | 6.5 
12 23 6.6 
:14 | 25 7.0 
:16 25 6.8 
:18 24 6.8 
:20 | 25 | 6.9 
:233 | 23 | 6.7 
:26 | 23 | 6.9 
:28 | 25 6.9 
:30 | 25 6.9 
:32 25 7.0 
:34 24 6.9 
:36 25 7.0 
:38 24 7.1 


Near the cathode, the velocity of the electrons is relatively small, and 
the direction of their motion will therefore conform closely to the direction 
of the strong electric force. Near the anode, on the other hand, the 
velocity of the electrons is so high that the same force acting over the 
same length of path will produce but little deflection. 


G. Fixity of Position of Focal Spot. 


The focal spot on the anode does not wander, but remains perfectly 
fixed in position. This is in sharp contrast to the ordinary R6ntgen 
tube in which the focal spot does move about, and often so rapidly as to be 
noticeable even during the shortest radiographic exposures.' The effect 
of movement of the focal spot is, of course, to cause in the radiograph 
or on the screen, a blurring of all lines except those parallel to the di- 
rection of motion. In the earlier stages of exhaustion, while the new 
tube is being operated with a relatively poor vacuum, the focal spot may 
dance about, but as the electrodes and the glass become freer from gas the 


1See Dr. Pfahler, Fortschritte auf dem Gebiete der Réntgenstrahlen, 78, pp. 340-343 
(1911-1912). 
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motility of the focal spot decreases and finally disappears completely, 
Its disappearance goes hand in hand with the disappearance of fluo- 
rescence of the glass, discussed in section J. Movement of the focal 
spot appears to be due to the action of positive ions in disturbing the 
distribution of static charge on the glass walls of the tube. 


H. Tube not Sensitive to Considerable Changes in Gas Pressure. 


The gas pressure within the tube is so low that it can increase several- 
fold, and apparently decrease without limit, without appreciably affecting 
the other characteristics. 

The slight effect of pressure change may be seen from the following 
experiment: 

While one of the tubes was being continuously operated on the pump, 
the pressure, as indicated by a McLeod gage, decreased from 0.113 to 
0.035 micron.!. The discharge current passing through the tube re- 
mained constant at 3.1 milliamperes, while the parallel spark gap backed 
up by the tube changed. only from 7.9 to 8.6 cm. A corresponding 
pressure change in the case of an ordinary Réntgen tube would bring 
about an enormous change in current and voltage. 


I. Capable of Continuous Operation with High Energy Input. 


Owing to the fact that the tungsten target can run at such a high 
temperature, large amounts of energy can be continuously radiated. 


J. No Fluorescence of Glass. 


When operating properly the tube shows no fluorescence of the glass at 
any point. Corresponding to this, there is an absence of the usual strong 
local heating of the anterior hemisphere. The absence of fluorescence and 
of local heating seem to point to the fact that there is no bombardment 
of the glass by secondary cathode rays sent out from the target. This is 
in striking contradistinction to what takes place in an ordinary Réntgen 
tube, where, in the case of'a platinum target, it has been found that there 
are about three-fourths as many electrons leaving the target, and going 
to the glass, as secondary cathode rays, as there are bombarding it, in 
the form of primary cathode rays. This elimination of secondary cathode 
ray bombardment prevents the production of a large part of the useless 
and disturbing R6éntgen rays which emanate from the glass in the case 
of the ordinary tube. 

The absence of bombardment of ,the glass is of interest both theoreti- 


1In the light of later experiments it seems doubtful whether a further pressure decrease, 
no matter how great, would have appreciably affected the tube characteristics. 
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cally and practically. Other explanations of the lack of fluorescence 
suggested themselves at first. A plausible hypothesis was that bombard- 
ment took place, but that the surface of the glass was much freer from 
gas than it is in the ordinary tube and that this accounted for the lack 
of fluorescence. But the fact that fluorescence appears so suddenly when 
a trace of gas is evolved, coupled with the fact that such fluorescence may 
appear in streaks and that these may rapidly change their location, seems 
to disprove the hypothesis. It also seemed possible at first that the 
fluorescence might be there, but that it could not be seen because of the 
strong light emission from both filament and target. But this hypothesis 
is disproved by the fact that with filament and target at their highest 
temperatures, fluorescence becomes suddenly strongly visible whenever 
gas is liberated. 

The simple explanation appears to be based upon the fact that the 
large number of positive ions present in an ordinary Réntgen tube is 
here lacking. The inner surface of the glass becomes strongly negatively 
charged, when the tube is first operated, and, not being able to attract 


an appreciable number of positive ions, remains so. The presence of 


this negative charge upon the glass prevents further electrons, either in 
the shape of primary or secondary cathode rays, from going there. 


K. Identity of Starting and Running Voltage. 


The starting, or break-down, voltage of the tube is the same as the 
running voltage. This is very different from the state of affairs in the 
ordinary tube in which the break-down voltage is much higher than the 
running voltage.! The difference is to be explained as follows: In the 
ordinary tube the number of ions present when the circuit is closed is 
exceedingly small, being only that due to natural ionization causes, such 
as radioactive matter in the surroundings. After the discharge circuit 
is closed, the number of ions increases, by collision, very rapidly, and 
the voltage across the tube terminals falls in consequence. In the case 
of the new tube, on the other hand, the full supply of electrons is there 
the instant the discharge circuit is closed, and even before this, and the 
available number is not changed by the discharge current. 


L. Permits of Realization of Homogeneous Bundle of Primary Rénigen 
Rays. 


The tube must permit of the realization of a strong homogeneous bundle 
of primary Réntgen rays of any desired penetrating power. For this 


1See Dessauer, I. c. 
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purpose it should clearly be excited from a source of constant potential. 
The result should be attained even though the discharge is intermittent,! 


M. No Heating of Cathode by Discharge Current and no Evidence of 
Cathodic Disintegration. 


An earlier experiment showed that when a tube is made up with two 
similar concave tungsten electrodes, symmetrically located in the tube, 
and operated on direct current at an ordinary R6ntgen tube vacuum, the 
heating effect at the cathode is as strong as that at the anode. Further- 
more, the heat evolution at the cathode is as strongly localized as it is 
at the anode. In fact, it is impossible, when the tube is operating, to 
tell, by looking at it, which of the white hot electrodes is functioning as 
anode and which as cathode. ‘There is a very rapid blackening of the 
bulb in such a tube, the material of the deposit coming evidently from 
the cathode, which shows a deep and sharply defined cavity at the point 
of local heating. The simple explanation seems to be that the cathode is 
bombarded by positive ions and that the emission of the electrons which 
constitute the cathode ray stream is due to this bombardment. So, 
also, the heating effect and the cathodic disintegration. 

At the higher vacuum and with the relatively gas-free electrodes of 
the new tube there is no evidence of any bombardment of the cathode. 
In the earlier stages of gas removal, when a discharge can be made to 

‘pass through the tube without the heating current in the filament, the 
latter is seen to be strongly locally heated by the discharge current, as 
from bombardment by positive ions. But when the exhaustion has been 
completed and the tube is operated with the cathode hot, a voltmeter and 
ammeter in the filament circuit show no change even when a very heavy 
discharge is sent through the tube. Positive ion bombardment, if it 
existed to an appreciable extent, would raise the temperature and, hence, 
the resistance of the tungsten filament and would therefore be indicated 
by the instruments. If it were very local and considerable, it would be 
further indicated by a melting through of the filament at the point in 
question. The resistance change and local disintegration of the filament 
have been observed in only those cases where the vacuum, as shown by 
other effects, such as fluorescence of the glass, has been poor. 

Disintegration of the cathode would also manifest itself in blackening 
of the bulb. Even after running for several hours, the deposit on the 
bulb is very slight, and what there is may well be entirely accounted for 
by vaporization of tungsten at the focal spot on the target. 


1 For fluoroscopic work with the ordinary tube, it seems preferable to use an interrupted 
discharge so as to reduce heating of the tube and danger to patient and operator. The 
phosphorescence of the fluoroscopic screen makes possible frequent interruptions without 
appreciable loss of light. 
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N. The Target the Factor Limiting Allowable Energy Input. 


There is one limitation with the new tube. With a sharp focusing 
tube and above a certain energy input the tube resistance is unstable, 
dropping suddenly to perhaps a small fraction of its original value, 
returning instantly to the old value however upon stopping the discharge 
or upon lowering it to the limiting value. The cause of this phenomenon 
appears to be as follows: 

With a very high energy input and sharp focusing, the surface of the 
target melts at the focal spot and volatilizes. Owing to the fact that this 
tungsten vapor is produced at the focal spot, all of the primary cathode 
rays pass through it and, by collision, ionize it. This of course decreases 
the tube resistance. The larger the focal spot the greater is the limiting 
current. The design of the target also has a great deal to do with the 
limiting current value, as the face of a thin target is vaporized with a 
much lower energy input than a relatively thick one. For very short 
excitation of the tube, the limiting energy input is somewhat larger than 
for longer periods; but an input which can be carried for a few seconds 
can be carried indefinitely. 

The effect of substituting any other single refractory metal for the 
tungsten of the target will be to lower the maximum allowable energy 
input. For the essential properties of a target material are: high density, 
high melting point, high heat conductivity, and low vapor pressure. 
Tungsten has a higher melting point and lower vapor pressure than any 
other metal. Its nearest competitor in point of refractoriness, tantalum, 
has only about one third of the heat conductivity. Molybdenum and 
iridium have vapor pressures altogether too high to entitle them to con- 
sideration, even if their melting points made them otherwise competitors. 
Osmium has only about one half of the heat conductivity of tungsten. 

The ordinary copper-backed tungsten target would be very difficult 
to exhaust sufficiently. Otherwise its use might be desirable for certain 
classes of work, as it would raise the maximum allowable instantaneous 
energy input. 


§6. DANGER CONNECTED WITH USE OF TUBE. 


There has been in the old tube a certain element of safety in that it 
could not be run continuously with a very heavy energy input. The 
new tube, even when focusing sharply, can be operated, for example, 
on a 7 cm. parallel spark gap with currents as high as 25 milliampefes 
for hours at a time, and without the slightest attention. 

For most purposes, other than diagnostic or radiographic work, there 
is no advantage in having the tube focus. In case it does not, the above- 
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mentioned energy input limitation falls away and the tube can apparently 
be designed for any energy input whatsoever. This will permit, in this 
field, of the use of much greater Réntgen ray intensities than have hereto- 
fore been realized. 

In the light of the above, it will be seen that the precautions which 
have been shown by years of experience to be sufficient for work with the 
old tube are not necessarily sufficient for the user of the new one. 


§ 7. SUMMARY. 


In the foregoing, a new and powerful R6ntgen ray tube has been 
described. It differs in principle from the ordinary type in that the 
discharge current is purely thermionic in character. Both the tube and 
the electrodes are as thoroughly freed from gas as possible, and all of 
the characteristics seem to indicate that positive ions play no appreciable 
role. 

The tube allows current to pass in only one direction and can therefore 
be operated from either direct or alternating current. 

The intensity and the penetrating power of the Réntgen rays produced 
are both under the complete control of the operator, and each can be 
instantly increased or decreased independently of the other. 

The tube can be operated continuously for hours, with either high or 
low discharge currents, without showing an appreciable change in either 
the intensity or the penetrating power of the resulting radiations. 

The tube in operation shows no fluorescence of the glass and no local 
heating of the anterior hemisphere. 

The starting and running voltagefare the same. 

The tube permits of the realization of intense homogeneous primary 
R6éntgen rays of any desired penetrating power. 

An article bearing especially upon the application of the new tube to 
radiographic and diagnostic and to therapeutic purposes will appear 
shortly in one of the Réntgen ray journals. 

It is a pleasure to me, in closing, to express my appreciation of the 
services of Mr. Leonard Dempster, who has assisted me throughout this 


work. 
RESEARCH LABORATORY OF THE GENERAL ELECTRIC CoO., 
SCHENECTADY, N. Y. 
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THE CHANGE IN THE ELASTICITY OF A COPPER WIRE 
WITH CURRENT AND EXTERNAL HEATING. 


By H. L. Dopce. 


HE present investigation consists of determinations of Young’s 
modulus of a specimen of copper wire at various temperatures 
between 20° C. and 150° C. with the object of ascertaining whether or 
not heating by an electric current has any effect other than that caused 
by the accompanying increase of temperature, and also to learn certain 
facts regarding the temperature effect itself, concerning which there 
seems to be considerable doubt. 





PREVIOUS RESULTS UPON THE EFFECT OF CURRENT HEATING. 


Wertheim! reported a decrease in Young’s modulus caused by current 
and believed this decrease to be independent of any temperature effect, 
a conclusion not sufficiently justified as he assumed the heating effect 
of the current negligible. Edlund? made allowance for the temperature 
effect, and concluded that current, except for the accompanying tem- 
perature change, does not affect Young’s modulus. Streintz’ made 
observations of the torsion modulus at room temperature and at 55.5° C. 
The following figures represent the percentage change of elasticity caused 
by the current, correction being made for the temperature effect: Brass 
(a), — 5.9; (0), + 12.8; copper, 0.0; silver, + 3.9; iron, + 3.1; steel, 
— 12.2. Mebius* found the effect due to current in the case of steel, 
iron, brass, and silver rods to be extremely small. Miss Noyes® studied 
steel, silver, and copper wires and found that the current heating caused 
a uniform decrease in Young’s modulus which could be entirely accounted 
for as a temperature effect. Walker® employed the same experimental 
methods as Miss Noyes, but found very irregular changes with steel, 
soft iron, platinum, and copper, which could not be accounted for by 
temperature and which differed greatly with increasing and decreasing 





1 Ann. de Chim. et de Phys., 12, 610, 1844. 

2 Annal. d. Phys., 129, 15, 1866; 131, 337, 1867. 

* Annal. d. Phys., 150, 368, 1873. 

4 Oefvers. af k. Vet. Akad. Forhandl.; 681, 1887; Beibl. 12, 678. 
5 Puys. REV., 2, 279, 1895; 3, 433, 1896. 

® Proc. Roy. Soc. Edin., 27, 343, 1907. 
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current. A survey of previous work leaves a serious doubt as to the 
effect of current heating, and this doubt a critical study serves to increase, 


PREVIOUS RESULTS UPON THE CHANGE OF YOUNG’S MODULUS WITH 
TEMPERATURE. 


The investigations that have been carried on to determine the change 
of Young’s modulus with temperature are so extensive that the results 
with copper only can be considered. These are however representative 
of the results for other metals. Shakespeare! has found a decrease of 
Young’s modulus for copper of 3.6 per cent. on heating from 13° C. to 
100° C. Miss Noyes? made observations at various temperatures up to 
150° C. and reports a uniform decrease of the modulus of 0.13 per cent. 
and 0.07 per cent. per degree for two samples of wire. Gray, Blyth, and 
Dunlop’ also were able to make observations at intermediate tempera- 
tures up to 100° C. They also report a uniform decrease, which for two 
samples was 0.015 per cent. and 0.04 per cent. per degree respectively. 
On the other hand Slotte’s‘ observations at intervals over a range of 10° 
C. to 70° C. upon two samples of copper wire showed a decrease of Young’s 
modulus with increase of temperature which was not uniform but became 
less rapid with one sample and more rapid with the other as the tempera- 
ture increased. An increasing rate of change is also indicated by the 
results of Wertheim’ at 15° C., 100° C., and at 200° C., the change being 
much greater for the upper interval. In this connection the work of 
Pisati,® Kohlrausch and Loomis,’ and of Slotte* upon the torsion modulus 
is of interest. They found the rate of decrease of the modulus greater 
as the temperature was raised. This is suggestive as it is highly probable 
that the general nature of the elastic changes is similar for the two 
moduli. These results leave no doubt that increase of temperature causes 
a decrease of Young’s modulus, but there is no conclusive evidence as 
to the exact nature of the decrease. 


ScoPpE OF WoRK. 


In view of the facts which have been cited it was decided to attempt an 
investigation of the effect of current upon Young’s modulus, accompanied 
by a parallel investigation of the temperature change produced by an 


1 Phil. Mag., 47, 539, 1899. 

2 Loc. cit. 

? Proc. Roy. Soc., 67, 180, 1900. 
4 Acta Soc. Scien. Fennice, Vol. 26, 1899. 

5 Loc. cit. 

6 Nuovo Cimento, 4, 152, 1878; 5, 34, 135, 1879. 
7 Annal. d. Phys., 141, 481, 1871. 

§ Acta Soc. Scien. Fennice, Vol. 35, 1908. 
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external source of heat. Examination of the previous work led me to 
believe that the desideratum was not a hastily made series of observations 
upon a number of metals but rather thorough and extended observations 
upon a single metal. Consequently this report is confined to results 
with copper although work is under way with other metals. A review 
of the literature made clear that the causes of inaccurate results in the 
past have been chiefly a lack of mechanical perfection in the apparatus 
and insufficient attention to the distribution of temperature. In none 
of the work upon the effect of current has there been any knowledge of 
the differences in temperature along the wire or any effective attempt 
made to secure a uniform distribution. The apparent crudity of the 
apparatus that is here described is the result of an attempt to keep every 
part of the apparatus as simple as possible and to refrain from un- 
warranted refinements. Each source of error has been considered in 
relation to the others and the effectiveness of the apparatus is best 
judged from the consistency of the results that have been obtained. 


DESCRIPTION OF THE APPARATUS. 

In order to prevent convection currents and consequent non-uniformity 
of heating necessarily accompanying vertical suspension the wire was 
mounted horizontally. The mechanical features of the apparatus (Fig. 1) 
may be considered independently of the heating box. The wire is 
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Dividing Engine 


Fig. 1. 


The apparatus, showing method of suspending the test specimen. 


suspended between a bar (6) and a pulley () which are in turn Supported 
by a heavy cast iron base, bolted to the carriage of the dividing engine. 
The wire is stretched by the weights W, and W2. Current is led in at 
the points (d) through the mercury cups (c), the wire being insulated 
at (a) and at (b). Three copper-constantan thermo-couples (é) of No. 36 
wire are for temperature measurements. The weight W; is kept upon 
the wire continually and is heavy enough to stretch the wire almost 
straight. The weight W2 is added gradually and without jar by a simple 
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apparatus operated by a foot lever. The elongation of the wire is 
measured with two micrometer microscopes attached to the bed of the 
dividing engine. These are focused upon bright scratches on the wire, 
made visible by incandescent lamps. 

The heating apparatus (Fig. 2), although supported by the cast-iron 
base, is mechanically entirely independent of the wire. It must not only 
furnish a means of heating the wire externally but also must retain the heat 
when the current is passed through the wire itself. The base (0), bottom 
piece (s), and back (v) are covered with asbestos and fastened together. 
The asbestos-covered front (k), which has two windows of mica (m) for 
observing the wire, and the glass cover (m) are held together by clamps 
easily removed. The glass tubes (&) are large enough to give sufficient 
clearance to the wire (w) but small enough to prevent convection or 
other air currents. Zigzagging back and forth across the bottom piece 
(s) is a heating wire of German silver through which a current can be 
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Fig. 2. 


Heating box surrounding the test specimen. 


sent. This heating box proved to be one of the three important features 
of the apparatus and its simple form in no way indicates the difficulty 
of securing a reasonably even temperature distribution. This fact is 
very suggestive in connection with the results of former investigations 
in which average temperature only was known, there being no informa- 
tion concerning the temperature distribution. The use of thermo- 
couples which could be slipped to different portions of the wire revealed 
surprising inequalities of temperature. Even after uniformity of heating 
had been secured with the external source it was necessary to still further 
alter the box before a satisfactory distribution could be obtained with 
internal or current heating. At the highest temperature employed the 
maximum variation of temperature over the portion of the wire under 
observation was less than 15° C. 

A second feature of importance is the free suspension of the wire. 
The possibility of error due to contact of the wire with rigid portions 
of the apparatus is eliminated by permitting it to touch nothing except 
the thermo-couples which are of fine flexible wire. Consequently the 
specimen hangs freely in the form of a flat catenary. The elongation 
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caused by the straightening of the catenary on the application of the 
additional stretching weight is negligible, being about 1/100 of the smallest 
reading of the micrometer microscope. The third feature is also mechan- 
ical. It is the pulley which changes the direction of the applied force, 
which must be transmitted without gain or loss resulting from friction 
or change of leverage. Fig. 3 shows its construction and suggests the 
method of centering the axis. The pulley was tested at different posi- 





Fig. 3. 


Side view of pulley and section along A-B. 


tions at various times during the progress of the work and found to 
introduce no appreciable error. 


METHOD OF DETERMINING TEMPERATURE OF SPECIMEN. 


When the wire is heated by the external source it is of uniform tem- 
perature throughout its cross section and of the same temperature as 
the surrounding air. Under these conditions the thermo-couples which 
have already been mentioned are a perfectly satisfactory means of 
measuring its temperature. In the case of internal or current heating 
there is an increase of temperature toward the center, resulting in a 
number of effects, change of resistance, thermal conductivity, etc., each 
of which has its influence upon the current distribution and in turn 
upon the temperature distribution. The average temperature of the 
wire is of course a function of the surface temperature and of the current, 
but for evident reasons the thermo-couples do not give the surface tem- 
perature of the wire when the wire itself is the source of heat. 

Measurement of temperature by change of length caused by thermal 
expansion has proved to be the most accurate and convenient method. 
Blondlot! has shown conclusively for several pieces of brass and one of 
German silver that current has no direct effect upon the dimensions of 


1 Journal de Phys., [1], 8, 122, 1879. 
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a metal carrying a current. This has also been shown by Righi! for four 
wires whose composition is not given. There is no reason to believe that 
copper should be peculiar in showing this effect. In fact our own 
experience and the persistency with which our results for Young’s 
modulus at any temperature as determined by this method remain the 
same, no matter what may be the source of heat, is in itself proof that 
current has no direct effect upon the length of the wire. In using change 
of length as an indication of temperature account must be taken of the 
change caused indirectly by the effect of temperature upon Young’s 
modulus. Thermo-couple readings and length observations were taken 
for all work with external heating. With internal heating length obser- 
vations were made and the temperature determined by comparison with 
the other results. The thermo-couples were connected to a sensitive 
Siemens and Halske galvanometer by a three-way switch and were 
calibrated by direct comparison with an accurate thermometer. 

With current heating the central portions of the wire tend to lengthen 
more than the outer portions which are at a lower temperature and it is 
assumed that the actual lengthening so averages this effect as to be an 
indication of the average temperature. It is also worthy of notice that 
the contribution to Young’s modulus will be different for the different 
portions, the value observed being an average of the moduli of the various 
circular layers making up the cross section of the wire. There is of 
course a similar averaging of temperature and modulus along the length 
of the wire. 


NATURE OF THE TESTS. 


Three sections of commercial copper wire were tested, all from the 
same piece obtained from the Driver-Harris Wire Co., Harrison, N. J. 
The purity of the specimen was determined electrolytically, with results 
of 99.88 per cent. and 99.92 per cent. As the second was the more 
accurate we may take 99.91 = .o1 as the purity of the specimen. There 
was no trace of either silver, lead, or iron. The coefficient of linear 
expansion was .0000169. Specimen No. 2 was 0.81 mm. in diameter. 
The portion under observation was 50.7 cm. long. The other samples 
were of similar dimensions. <A weight of 2,109 grams was kept upon the 
wires continually. The modulus was determined by measuring the 
elongation produced by an additional weight of 2,252 grams. The 
elongation was observed with a microscope, the micrometer head of 
which can be read to 1/50 revolution, corresponding to .00093 mm. 
stretch. At room temperature the stretch amounted to about .o2 mm. 


1 Nuovo Cimento, [3], 7, 116, 1880. 
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Currents as high as 15 amperes were used. The accuracy of the work is 
of a high degree. The error in the determination of Young’s modulus 
is about 1 per cent. A greater accuracy may prove desirable if small 
peculiar effects appear with other metals, but the present apparatus is 
sufficiently accurate to determine the general nature of the changes in 
the modulus. 

Each determination of Young’s modulus as represented by a point 
on the curves or a value in the tables is the result of ten or more separate 
measurements taken so as to eliminate any error caused by a slight drift 
in temperature. Generally a half hour or more was required for the 
temperature to reach a sufficiently steady state. After the preliminary 
work the greater part of the observations consisted of series of deter- 
minations with increasing or decreasing temperature over a range of 
20° C. to 150° C. 


PRELIMINARY TESTS. 


The possible ways in which current may affect elasticity are so numer- 
ous that a determination of Young’s modulus at a given temperature is 
of no value unless interpreted in connection with the whole thermal 
history of the wire. Since the essential part of this investigation is the 
comparison of observations taken under as nearly similar thermal condi- 
tions as possible, except for the difference in time and in the source of 
heat, an elimination as far as possible of any other than pure temperature 
effects is desirable. If this is impossible a thorough understanding of 
the nature of the other effects is essential. In order to eliminate the 
well-known permanent changes accompanying extreme temperatures the 
treatment of the wire after its first heating and stretching was confined 
to a temperature range of 20° C. to 150° C. In order to find out how 
consistent was its behavior within this range and under the various 
conditions of treatment a great deal of preliminary work was necessary. 
This showed that there are no sudden changes in the elastic state of the 
wire, that the rapidity of heating and cooling had little if any effect upon 
the changes in elasticity, and that the length of time the wire was held 
at a given temperature had no great effect. As explained later, perma- 
nent or history effects were found, but for any series of readings these 
changes were insignificant, the value of Young’s modulus returning at 
the close of any day’s observations to practically its original value. 

That history effects could be eliminated and the elasticity of the wire 
made independent of treatment and a function of temperature only is 
illustrated in Fig. 4, Series 5. Observation 15 is almost identical with 
8, and 16 and 17 are nearly the same as the first observations, although 
the wire had meantime been heated and cooled twice. 
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In order to learn whether or not at any given temperature the value of 
Young’s modulus is dependent upon the manner of heating, the observa- 
tions of Table I. were made. The shifting from one method of heating 
to another was done without permitting much alteration in the tempera- 
ture of the wire. 


TABLE I. 


Showing Constancy of Young's Modulus under Different Conditions of Heating, Temperature 
Remaining the Same. 





Method of Heating. | ae Length, Ven Se Seem, 
12.8 amperes, alternating current...... | .0000 .0000 
12.8 amperes, direct current........... | .0065 .0009 
External, direct current............... .0059 .0009 
External, alternating current.......... .0032 .0014 
12.2 amperes, direct current........... .0018 .0009 


The greatest variation in length is .0065 mm. or 0.14 revolution of 
the micrometer head. This corresponds to a temperature variation of 
less than one degree Centigrade. The greatest variation in stretch is 
.0014 mm. This corresponds to only 0.03 revolution and is about the 
experimental error. These results show clearly that at this temperature, 
which was approximately 110° C., the stretch modulus is independent of 
the source of heat. These preliminary investigations and others which 
need not be described showed the behavior of copper to be very consistent 
and are the justification for the taking of more extended series of observa- 
tions and the comparison of results secured at different times. 


TESTS UPON SPECIMEN No. 2. 


After specimen No. 2 was placed in the apparatus it was heated to a 
high temperature and stretched to remove the kinks. Afterward it 
was never heated above 150° C. The four series of readings composing 
Fig. 4 were taken after the wire had been heated by both methods a total 
of about 50 hours and after about 500 applications of the stretching 
weight. If such a thing were possible as a state in which all changes in 
elasticity, except those caused by temperature could be eliminated, this 
treatment should have secured the result. 

As far as possible the figures have been made self-explanatory. Certain 
additional information which is characteristic of all the work is given in 
Tables II. and III. Series 4 shows a series of observations in which 
the heating was entirely external. In this as well as in the other three 
series of Fig. 4 dotted points represent observations taken while the 
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Fig. 4. 


Results of tests upon specimen No. 2, showing effect of internal and external heating. 


TABLE II. 


Data for Series &, Wire 2, External Heating. 


Time. | Temp. | Stretch (Revs. of Micr. Young's Modulus X 10-1! 
Screw). Dynes per Cm?, 





9:00 A.M. wc. 4.08 | 11.46 
9:30 20 4.08 11.46 
10:05 25 4.10 | 11.42 
10:30 33 | 4.11 | 11.40 
11:05 | 54 4.13 | 11.33 
11:50 88 | 4.205 11.11 
1:00 P.M. | 118 | 4.35 10.73 
2:00 135 | 4.47 10.48 
2:45 | 119 4.365 | 10.70 
3:15 94 4.24 | 11.05 
4:10 4.19 11.18 
4:40 4.12 | 11.38 

| 4.09 11.44 
6:00 | 4.075 | 11.48 
7:15 4.45 | 10.52 
8:00 | 4.085 11.45 
8:45 | 4.10 11.42 
9:30 4.09 11.44 
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TABLE III. 
Data for Series 7, Wire 2, Internal Heating. 
Ie. oT ee 
1 10:30 P.M. 21°C. | 0.0 4.10 11.42 
2 11:15 A.M. 32 | 3.8 4.085 | 11.45 
3 11:50 50 | 7.0 4.165 11.22 
4 | 1:05PM. | 77 9.8 4.18 11.20 
5 | 1:30 102 | «(12.0 | 4.28 10.93 
6 | 2:30 128 =| «14.1 4.49 | 10.43 
7 | 3:05 | 105 | 11.9 4.31 10.85 
8 3:50 80 | 9.5 4.20 | 11.13 
9 4:20 | 53 6.8 4.13 | 11.33 
10 5:10 | 27 0.0 | 4.07 | 11.50 
11 6:30 27 0.0 4.08 11.46 
12 7:25 | 43 5.0 | 4.09 | 11.44 
13 8:00 | 66 | 8.0 | 4.15 | 11.26 
14 8:45 | 97 | 142 | 4.245 | 11.02 
15 9:15 1129 | 13.9 | 4.42 10.60 





16 | 9:40 | 28 | 00 | 4.10 11.42 
temperature was being raised by steps and the crossed points those when 
the temperature was being lowered. Particular attention is called to 
points 2 and 3, the second of which was taken after the temperature had 
been maintained for twelve hours. They show that the length of time 
the wire was kept at the high temperature had no effect upon its elasticity. 
The proximity of points 8 and 1 shows the elimination of history effects 
and permanent changes. 

Two days later Series 5 was secured, which yields results identical 
with those of Series 4, showing that the work of one day can be repeated 
atalater time. Further proof of the absence of history effects is afforded 
by the positions of points 14, 15, 16, 17, and 18 relative to observations 
taken at earlier times at the same temperatures. The fact that points 
5, 6, and 7 taken with increasing temperature fall on the same curve as 
points 9, 10, and 12 taken with decreasing temperature shows the absence 
of any hysteresis effects. 

Series 6 was taken three days later, followed the next day by Series 7. 
The procedure was the same as before except for the difference in the 
manner of heating. In Series 4 and 5 the wire was heated externally by 
means of the heating wire on the bottom of the box enclosing it. In 
Series 6 and 7 the wire was heated by an electric current in the wire itself. 
The results of Series 6 and 7 show the absence of hysteresis effects and 
the elimination of history effects the same as with external heating. 
The fact that the variation of the curves forming Fig. 4 is less than would 
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be expected from the experimental error shows that one is justified in 
taking these results as an indication of temperature effect alone and is 
justified in comparing the results of different days with different methods 
of heating. 


TESTS UPON SPECIMEN No. 3. 


A third sample of the same wire was next placed in the apparatus 
in order to confirm the results obtained with the former specimen, to 
attempt still other variations in the thermal treatment and to secures 
the complete elastic history of a specimen. The results are given in 
Figs. 5,6, and 7. Upon these curves appear every observation that was 
made with the third specimen, not one having been discarded. 
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50°C 100°C 150°C 
Fig. 5. 


Complete elastic history of specimen No. 3. The curves are those of Figs. 6 and 7, the 
Roman numerals corresponding to the series numbers. 








First Changes in Elasticity.—The specimen was made as free from kinks 
as possible and placed in the apparatus. Observation 1, Fig. 5, was at 
room temperature. The wire was then heated externally to about 125° C. 
and cooled. Observation 2 shows no change. Heating by 17 amperes 
current to about the same temperature brought a slight increase in the 
modulus as indicated by observation 3. There was very little increase 
in length during this treatment, as the additional weight was not applied 
at high temperatures. 
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It was anticipated that continued application of the additional weight 
while the wire was hot would remove any kinks in the wire, cause an 
increase in length and a change in the modulus. The wire was heated 
by 17 amperes current and the weight applied a number of times. On 
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Results of tests upon specimen No. 3 with different thermal treatment, showing history 
effect, change of Young’s modulus with temperature, and absence of any effect peculiar to 
current heating. 
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cooling an increase of length of about 0.2 mm. was found and an increase 
of Young’s modulus as indicated by observation 4. The wire was again 
heated to 125° C. and Young’s modulus measured at this temperature, 
resulting in observation 5. The temperature was then increased to 
about 150° C. and the additional weight applied about thirty times, 
resulting in observation 6. Cooling to 122° C. gave observation 7, and 
to 28° C., observation 8. It was believed that a sufficiently steady state 
had been secured to justify the trial of a series of readings and a com- 
parison of points 6, 7, and 8 with reference to later observations shows 
this to have been the case. It is highly probable that the increase in 
Young’s modulus due to this particular treatment was caused as much 
by the mechanical stretching and straightening of the wire as by the 
thermal treatment, although the latter was undoubtedly essential to 
the securing of the steady state. 

Discussion of Fig. 6.—Following the work just described came eight 
days of testing under a variety of conditions. Fig. 6 shows the results 
and has been made practically self explanatory. The order in which 
the observations at the different temperatures were taken and the manner 
of heating were varied in a number of ways in order to catch any possible 
changes caused by treatment. Series 1 is with external heating, increas- 
ing temperature. Series 2, first part, was taken in exactly the same 
manner and the results show that for external heating a sufficiently 
steady state had been reached so that only small permanent changes were 
to be anticipated. The second part of Series 2 was taken in exactly the 
same manner except for the change in the manner of heating, the external 
heating having been changed to internal by means of the current. No 
difference is observed. The following day a series was taken in a similar 
way except that the observations were made with decreasing temperature. 
The nature of the temperature change remains the same and a slight 
permanent increase appears. 

In Series 4 the systematic heating and cooling over the whole tempera- 
ture range was not followed, but no peculiar effects were observed. 
During the following night the wire lay unstretched and it is possible 
that this had some influence in causing the permanent increase of elas- 
ticity observed the next day. Series 5 is the result of heating and 
cooling with internal heating and Series 6 is for the same treatment with 
external heating. No hysteresis effect appears nor does there appear 
any difference due to method of heating. 

Discussion of Series 7.—Series 7 is the most interesting single set of 
observations, and was taken in order to compare the two methods of 
heating without permitting the elapse of several hours or allowing an 
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appreciable change of temperature. At each temperature at which 
observations were taken, the change in heating was made gradually, 
without permitting the temperature of the wire to change. Observation 
I was at room temperature. Observation 2 was with current heating, 
Without permitting more than a few degrees variation in temperature 
the current in the wire was decreased while that in the heater was 
increased. Observation 3 was with external heating. The temperature 
was then increased and observation 4 taken. Again the method of 
heating was gradually changed until observation 5 was secured with 
internal heating at practically the same temperature. In the same way 
6 and 7; 8 and 9; 10 and 11 were taken. The results show in a striking 
manner that the changes accompanying current heating are only tem- 
perature effects. The tests of the tenth day with internal heating gave 
Series 8. 

In any single series of this group the permanent changes with treatment 
do not appear prominent. But a comparison of the eight curves, Fig. 5, 
reveals a gradual increase of Young’s modulus from day to day. This 
was caused undoubtedly by the continued application of the additional 
weight which caused a very small gradual stretching. 

Effect of the Period of Rest.—Two days after the observations of Series 
8 a measurement was taken at room temperature after which the wire 
was undisturbed for 106 days. This last observation appears with 
Series 9, Fig. 7, and a comparison with point I shows a slight recovery of 
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Fig. 7. 
Results of tests upon specimen No. 3 after 106-day rest. 


the wire during the long rest, Nine other observations were then taken 
with an idea of determining whether or not the modulus would remain 
low upon heating. This proved to be the case both for external and cur- 
rent heating as is clearly brought out by comparison with the dotted 
line which is the Series 8 curve. Two days later, as shown by Series 10, 
further heating and testing brought the specimen back to its former state 
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for low temperatures although at high temperatures greater values of 
Young’s modulus were observed than ever before. Too much stress 
must not be laid upon these slight changes in the wire. The difference 
between Series 9 and Series 8 is small and may have its origin in a slight 
change in the working condition of the apparatus caused by its period of 
idleness. The important fact is that no great change occurred and the 
wire was in practically the same condition as when left. The explanation 
of the difference in slope in some of the curves is that the experimental 
error is of about the amount of the variation. The total change in 
Young’s modulus over the entire temperature range is only Io per cent. 
and the difference in stretch which this represents corresponds to less 
than one revolution of the micrometer head. In order to show this 
variation the scale to which Young’s modulus is plotted has to be so 
large that the errors of observation become appreciable. When the 
magnitude of the probable error is taken into consideration the con- 
sistency of the curves taken under such a variety of conditions is 
remarkable. 


CONCLUSIONS. 


The following conclusions apply to the sample of copper wire that has 
been studied. I am of the opinion that other specimens of copper will 


yield results differing only in the magnitude of the changes, and believe 
that the results are very suggestive of the effects that can be expected in 
other metals. But work with iron wire now under way and certain results 
of other investigations to which reference is made later makes me feel 
that too great caution cannot be exercised in making general conclusions 
from observations upon particular samples. 

From the preliminary observations and the tests upon specimens Nos. 
2 and 3 we reach these conclusions: 

1. A copper wire can be brought to a steady elastic state in which 
the stretch modulus becomes a function of temperature. In the present 
instance it was brought about by repeated stretching and heating and 
cooling over a range of temperature of 20°C. to150°C. The preliminary 
tests show that the rate at which the heat was applied or at which the 
wire was cooled, the length of time the temperature was maintained, and 
the thermal route by which a given temperature was reached had no 
apparent effect upon the value of the modulus at any given temperature. 
These same facts are brought out still more convincingly by the extended 
work upon specimens 2 and 3, which also show that permanent changes 
in the modulus can be practically eliminated by a relatively small amount 
of heating and stretching, which if continued for a longer time renders 
them negligible. 
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2. Heating by an electric current has no effect other than that caused 
by the accompanying temperature. This was proved for one tempera- 
ture by the results of Table I. and at a number of different temperatures 
by the work of Series 7, Wire 2, shown in Fig. 6, in which the heating 
was alternately by current and the external source. 

Further proof with step by step heating is also furnished by the 
identical nature of the results recorded in the four curves of Fig. 4, two 
curves of which are for current and two for external heating. Con- 
clusive evidence is afforded by the long series of experiments carried out 
upon the third specimen, in which every possible way of varying the 
methods of heating was attempted without detecting any difference in 
the results. 

3. Young’s modulus of a copper wire decreases with increase of tem- 
perature at an increasing rate. In the case of the specimen studied, the 
amount of decrease at different temperatures in terms of per cent. of the 
value of the modulus at 20° C. is as follows: 40° C., 0.6 per cent.; 60° C., 
1.7 per cent.; 80° C., 2.9 per cent.; 100° C., 4.6 per cent.; 120° C., 7.0 
per cent.; 140° C., 10.0 per cent. At 20° C. the modulus of the sample 
in the steady elastic state was 11.5 X 10" dynes per cm’. 

The true nature of the temperature change was first shown by the 
work with specimen 2 as represented by the curves of Figs. 4 and 
was fully substantiated by the further work with specimen 3 which 
yielded identical results. 

4. Heating and repeated stretching increases Young’s modulus. As 
is shown by the results with specimen 3 there is an apparent increase of 
about 5 per cent. caused by the first four heatings and the accompanying 
stretching, which is thought to be due in part to the straightening out 
of the kinks. But there was a further increase of 2 per cent., which 
was a true history effect, although caused probably as much by the 
repeated stretching as by the heating. 


COMPARISON WITH RESULTS OF OTHERS. 


As has already been stated previous results upon the effect of current 
do not agree. A comparison of these with the present work will not be 
attempted as the degree of accuracy in the latter is far greater. The 
conclusion that there is no effect of current upon copper other than that 
caused by temperature can be accepted to an accuracy of less than 
I per cent. 

An interesting comparison regarding the history effect and the magni- 
tude of change with temperature is furnished by the work of Shakespeare,’ 


1 Loc. cit. 
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who used interference methods to determine the modulus at 13° C. and 
at 100° C. He does not compute the value of the modulus but gives 
the change from 13° C. to 100° C. as 3.6 per cent. For this range the 
present specimen shows a change of 5 per cent. Shakespeare also found 
that the modulus increased with continued heating and cooling, until a 
permanent state was reached. The first heating produced a sudden 
increase of several per cent. which was followed by a gradual change. 
Nine heatings produced a total increase of 12 per cent. The permanent 
change described in this paper was of the same kind and amounts to 
7 per cent. 

In the following comparison of results upon the temperature effect the 
bracketed figures are taken from our own curves. At 20° C. our value 
of Young’s modulus was 11.5 X 10% dynes per cm*. Miss Noyes! 
found the modulus of a specimen of copper to be 12.02 at 20° C. This 
and another specimen tested at temperatures up to 150° C. gave a uniform 
decrease of the modulus which computed for 20° C. to 140° C. gives a 
change of 8.5 per cent. and 16 per cent. respectively [10 percent.]. At 
17.4° C. Gray, Blyth, and Dunlop? found the modulus of a sample of 
commercial copper to be 11.15 and of hard drawn electrolytic copper at 
19.5° C. to be 12.9. They made tests over a range of 100° C. and reported 
a uniform rate of decrease which computed for 20° C. to 100° C. gives 
for the two samples changes of 1.2 per cent. and 3.4 per cent. respectively 
[4.6 per cent.]. 

Slotte* found for two specimens changes of 6.6 per cent. and 4.2 per 
cent. respectively [1.5 per cent.], for a temperature increase from 20° C. 
to 60° C. The moduli at 20° C. were respectively 12.4 and 12.7. The 
more important point is that he did not find a uniform rate of change. 
The modulus of the former specimen decreased at an increasing rate 
while the latter shows a decrease at a decreasing rate. Decrease of the 
modulus at an increasing rate is also indicated by the work of Wertheim.‘ 
If-his results at 15° C., 100° C., and at 200° C. are plotted and a smooth 
curve drawn it is almost identical with our own curves, except that the 
values are about Io per cent. lower. Regarding the nature of the change 
observations on the torsion modulus are valuable although too great 
stress must not be placed on them. Kohlrausch and Loomis’ made 
observations upon copper at various temperatures. They found an 
increasing rate of change as the temperature increased. Computed for 
20° C. to 100° C. the change is 4.2 per cent. [4.7 per cent.], and for 20° C. 
to 140° C. 7.5 per cent. [10 per cent.]. Slotte® has also made a study 


1 Loc. cit. 2 Loc. cit. * Loc. cit. 
- Loc. cit. 5 Loc. cit. § Loc. cit. 
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of the torsion modulus of copper and finds the same increasing rate of 
change. Corresponding values from his work are 5.9 per cent. and 8.3 
per cent. 

The results that have been cited must be considered from two stand- 
points, first as to the general nature of the changes of Young’s modulus, 
whether uniform or otherwise, and secondly, regarding the numerical 
values. 

Examination of the methods of those who have reported a uniform 
decrease shows that their work was not of sufficient accuracy to have 
detected the variation from a linear relation found by others. We are 
not certain how much importance should be attached to the work of 
Slotte upon Young’s modulus. He worked also with aluminum, iron, 
and platinum as well as copper and found a decreasing rate of change. 
None of these results seem to have been repeated. The torsion modulus 
can be determined to a much higher degree of accuracy and Slotte’s 
recent work upon the torsion modulus of all these metals shows an 
increasing rate of change. Since the evidence that is available points 
toward a similarity in the nature of the temperature change of the two 
moduli this raises a question as to whether Slotte’s former results upon 
Young’s modulus are a true temperature effect. 

With the results of Wertheim and of Slotte upon one specimen agreeing 
with our own and the work of Kohlrausch and Loomis and of Slotte upon 
the torsion modulus showing the same general type of change, I believe 
that the conclusion that Young’s modulus of copper decreases with in- 
crease of temperature at an increasing rate has sufficient corrobora- 
tion. 

A comparison of the numerical values of Young’s modulus and of the 
temperature coefficient, ample allowance being made for experimental 
error, leaves no doubt as to the importance of chemical purity, method 
of preparation, and size of specimen. It is possible that samples of 
copper may be found that will show effects peculiar to current heating, 
or will not give modulus-temperature curves of the simple form that I 
have found, but I am inclined to believe the main differences will be 
found in the magnitude of the coefficients. Undoubtedly further work 
will reveal some relation between the chemical composition, the coefficient 
of linear expansion, the electrical conductivity, and other physical con- 
stants, and the value of Young’s modulus and its rate of change with 
temperature. Investigation is under way upon other metals in order 
to study the effect of current, to determine the temperature coefficient 
of Young’s modulus, and to study the relation between the temperature 
changes of the two elastic moduli. 
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In conclusion I wish to acknowledge indebtedness to the staff of the 
physical laboratory of the State University of Iowa for their interest in 
the work and especially to Professor G. W. Stewart for suggesting the 
problem and to Professor J. N. Pearce, of the department of chemistry, 
for the chemical analysis. 
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THE EFFECT OF SPACE CHARGE AND RESIDUAL GASES 
ON THERMIONIC CURRENTS IN HIGH VACUUM. 


By IRVING LANGMUIR. 


HEN a carbon or metal filament is heated in a vacuum and sur- 

rounded by a positively charged metal cylinder, it is well known 

that electrons are given off by the hot solid. This effect in lamps has 

been commonly known as the Edison effect and has been rather fully 
described in the case of carbon lamps by Fleming.! 

Richardson and others have studied quantitatively the ionization 
produced by hot solids, especially from heated platinum, and have col- 
lected a large amount of data. It has generally been found that the 
saturation current is independent of the pressure of the gas and increases 

_ rapidly with increasing temperature of the filament. However, certain 
gases were found to have very marked effects; for example, traces of 
hydrogen were found to enormously increase the saturation current 
obtained from hot platinum.? Recent investigations have shown® that 
at least in some cases the current is due to secondary chemical effects. 

Pring and Parker* showed that the current obtained from incandescent 
carbon could be cut down to very small values by progressive purification 
of the carbon and improvement of the vacuum. They conclude that 
“‘the large currents hitherto obtained with heated carbon cannot be 
ascribed to the emission of electrons from carbon itself, but that they are 


emission of electrons.’’ Pring and Parker observed also that the ioni- 
zation (or rather thermionic current) ‘‘increased only very slightly with 
the temperature above 1800°.”’ 

The effect of these publications, together with that of Soddy,’ who 
noticed similar effects with a Wehnelt cathode, has been to cast doubt on 
the existence of a thermionic current in a perfect vacuum and from pure 
metals. The opinion seems to be gaining ground, especially in Germany, 
1 Phil. Mag., 42, p. 52 (1896). 
2H. A. Wilson, Phil. Trans., 202, 243 (1903). 

3 Fredenhagen, Ver. d. phys. Ges., 14, 384 (1912). 
4 Phil. Mag., 23, 192 (1912). 
* Nature, 77, 53 (1907). 


probably due to some reaction at high temperatures between the carbon,| 
or contained impurities, and the surrounding gases, which involves the 
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that the emission of electrons from incandescent solids is a secondary | 
effect produced by chemical reactions, or at least is caused by the presence 
of gas. ' 

With the above-mentioned exceptions, it has generally been found 
that the thermionic current increased with the temperature at a very 
high rate. The relation between current and temperature was usually 
accurately represented by Richardson’s equation | 


b 


{1) i=aVTe ”, 


where a and bd are constants and 7 is the saturation current at the absolute 
temperature T, 

If the older values of a@ and } as found, for example, for carbon, are 
substituted in the above equation and the currents for very high tem- 
peratures (above 2500°) are calculated, values of many amperes or even 
thousands of amperes per'square cm. are usually obtained. This raises 
the question why in ordinary incandescent lamps very large thermionic 
currents do not occur. 

There is every reason to think that the thermionic current from 
tungsten should be fairly large. When we run a tungsten lamp up to 2 
or even 2.5 times its normal voltage (filament temperature 2900-3400° K.) 
we should therefore expect to get thermionic currents of several amperes 
between the two ends of the filament. Simple observation of a lamp 
run under such conditions indicates that this is not the case. For 
example, consider a lamp which takes 110 volts and 0.3 ampere when 
running at normal specific consumption (1.25 watts percandle). By rais- 
ing the voltage to 250, the temperature of the filament will be brought to 
about 3000° K. and the current is then about 0.45 ampere. The resistance 
of the filament has thus increased from 366 ohms up to 555. The total 
surface of the filament is nearly half a square cm., yet it is evident that 
if there is any thermionic current between the two ends of the filament, 
it cannot exceed a few hundredths of an ampere. This apparent dis- 
crepancy between the results of calculation by Richardson’s equation and 
the facts observed with a tungsten lamp seemed at first to confirm the 
growing opinion that in a very high vacuum the thermionic current is 
very small, if not entirely absent. 

Experiments on the Edision effect in tungsten lamps, made some time 
ago by the writer, throw a great deal of light on the cause of the apparent 
failure of Richardson’s equation at high temperatures. The observa- 
tions therefore seem of sufficient interest to warrant their publication. 
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EXPERIMENTS ON EDISON EFFECT IN TUNGSTEN LAMPs. 

Some lamps were made containing two single loop (hairpin) tungsten 
filaments with separate leading-in wires. Each loop could thus be run 
separately. The lamps were given a specially good lamp exhaust, which 
involved heating them to 360° for an hour while being exhausted with a 
mercury pump. A trap immersed in liquid air was placed between the 
pump and the lamp to condense out water vapor, carbon dioxide and 
mercury vapor. The filaments were then connected in series and the 
lamps run at a specific consumption of about I watt per candle for fifteen 
minutes, to drive the gas from the filaments. The lamps were then 
sealed off from the pump and the filaments were again heated, this time 
being run at 0.4 watt per candle for a few minutes, to age the filaments 
and improve the vaccuum (clean-up effect). 

Experiments were then undertaken to measure the thermionic currents 
that flowed across the space between the two filaments when one was 
heated to various temperatures while the other was connected to a con- 
stant source of positive potential of about 125 volts. A milliammeter 
was connected in series with the cold filament. 

When the temperature of the cathode filament was raised to about 
2000° K. a current of about 0.0001 ampere was observed to flow between 
the two filaments. As this temperature was raised the thermionic current 
rose very rapidly, until at about 2200° K. it was about .0006 ampere. 
As the temperature was raised above 2200° K., no further increase in the 
thermionic current occurred, even when the filament was heated nearly to 
the melting-point (3540° K.). By raising the voltage on the anode to 
about 250 volts, the thermionic current increased to about .oo15 ampere. 
It required, however, a temperature about 200° higher to reach this 
current than had been found necessary to reach the maximum current 
at the lower voltage. At temperatures below 2200° K., the current was 
practically the same with 125 as with 250 volts. 

The results of a later and more accurate experiment are given in Fig. I. 
The filament used for these measurements consisted of a single loop of 
drawn tungsten wire, of diameter .0069 cm. and total length of 10.84 
cm. and area of 0.234 sq.cm. A similar filament, at a distance of about 
I.2 cm., served as anode. Both filaments had been aged a couple of 
hours at high temperature and the vacuum thus obtained was certainly 
better than 10 mm.! 

The temperatures of the filament were determined from the relation 


11,230 

7.029 — logio H’ 
1 Judging from measurements on similar lamps made by means of the “ molecular’”’ gage 
described by the writer, Puys. REv., 1 (2), 337 (1913). 
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where H is the intrinsic brilliancy of the filament in international candles 
per sq. cm. of projected area.' 

The points indicated by small circles (Fig. 1) are experimentally 
determined. Two different anode voltages were used: 240 and 120 volts, 
with respect to the negative terminal of the filament which served as 
hot cathode. The voltage used to heat the cathode varied from about 
7 to 15 volts, so the average potential difference between anode and cathode 





was somewhat less than 240 and 120 volts. The curve given for 60 volts 
was determined from other experiments devised especially to determine 
the effect of voltage variations. 

It is seen from these curves that at low temperatures the current for 
all three voltages is the same, but that as the temperature is raised the 
currents at the lower voltages fall below those for higher voltages and 
finally each in turn reaches a constant value. 

By plotting (log. i — 4 log 7) against 1/T it was found that all the 
points on the 240-volt curve up to a temperature of about 2150° lay very 
close to a straight line. This indicates that these results can be expressed 


1 The derivation of this formula will soon be published, probably in the PHysicaL REVIEW. 
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by Richardson’s equation. From the slope and position of the line, the 
values of a and b of Richardson’s equation were found to be 





a = 27 X 10° (amperes per sq. cm.), 
b = 55,600 (degrees). 


The heavy black curve of Fig. 1 was calculated by plotting Richardson's 
equation, using these values of a and b. The agreement between this 
curve and the experiments at low temperature is nearly perfect; in fact, 
much better than can be seen from Fig. 1. 

It is seen that each experimentally determined curve can be divided 
into three parts: 

/~1. A part which follows Richardson’s equation accurately. 

2. A part which consists of a horizontal straight line; that is, a part 
| in which the current is independent of the temperature of the filament. 
\. 3. A transition curve between these. 

The horizontal part of the curve was of particular interest. The 
current being independent of the temperature of the filament is probably 
independent of the nature of the cathode. It seemed possible, however, 
that it might be dependent on the anode. Several experiments were 
undertaken to determine the factors which governed the value of this 
new kind of ‘‘temperature’’ saturation current. It was found that it 
was very largely affected by any one of the four factors: 

‘I. Voltage of anode. 

2. Presence of magnetic field. 

3. Area of anode. 

4. Distance from anode to cathode. 

It is especially noteworthy that none of these factors had any influerice 
on the thermionic current over the first part of the curve; 7. e., that part 
which follows Richardson’s eqiation. That is, the constants a and } 
were not affected by voltage, or magnetic field or distance or area of 
an 

After trying out several hypotheses which suggested themselves, it 
finally occurred to the writer that this temperature saturation might be 
due to a space charge produced by the electrons between the cathode and 
anode. The theory of electronic conduction in a space devoid of all 

| positive charges or gas molecules seems to have been strangely neglected. 
It has apparently always been taken for granted that positive ions are 
present, or at least a sufficient amount of gas, so that the motion of the 
electrons follows the laws of diffusion. J. J. Thomson! gives the dif- 
ferential equations that apply to the calculation of electron conduction 





1 Conduction of Electricity through Gases, 2d edition, p. 223. 
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through space, and suggests that a method for the determination of 
e/m could be worked out in this way. .He apparently does not fully 
integrate the equations or realize their application to ordinary thermionic 


currents. 
e 


THEORY OF ELECTRONIC CONDUCTION IN A SPACE DEVOID OF MOLECULES 
OR PosITIVE Ions. 


In order to form a clear conception of the problem before us, let us 
consider (see Fig. 2) two infinite parallel planes, A and B, one of which, 
A, has the properties of an incandescent solid; that is, we assume that 
it emits low velocity electrons spontaneously. The other, plane B, we 
consider to be positively charged. 

Now if the temperature of the plate A A B 
is so low that few or no electrons are 
emitted, then the potential between the 
two plates will vary linearly between the 
two, as indicated by the line PT. 

As the temperature of A is raised, 
electrons are emitted. Under the influ- 
ence of the field these pass across the 
space from A to B and thus constitute 
a current of magnitude 7 (per sq. cm.). 

These electrons move with a velocity _ P| 
which depends on the potential drop 
through which they have passed. Let Fig. 2. 
us assume, as a first rough approxima- 
tion, that they move with constant velocity across the space. Then 
there will be in the unit volume a space charge p equal to i/v, where 2 is 
the velocity of the electrons. If the velocities are uniform, the space 
charge will be uniform and it follows from Laplace’s equation 

eV a eV 


) ee 
@) ay an) 











that ~~ 


(3) Ge ~~ 4%. 


If we consider p constant and negative (for electrons), we see from this 
equation that the potential distribution between the two plates takes the 
form of a parabola, as indicated by the curve PST. 

If the temperature of the plate A be increased still further, the electron 
current increases so that the potential curve finally becomes a parabola 
with a horizontal tangent at P. 
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If we assume that the electrons are given off from the plate A with 
practically no initial velocity, we see that the current cannot increase 
beyond the point where the potential curve becomes horizontal at P, 
for any further increase of current would make the potential curve at P 
slope downwards and the electrons would be unable to move against this 
unfavorable potential gradient. 

In other words, we see that the effect of the space charge is to limit 
the current. A further increase in the temperature of the plate A would 
then not cause an increase of current. 

Electron Current between Parallel Planes.—Let us now attempt a more 
rigorous solution of the problem. 

It has been shown by Richardson and others that the mean kinetic 
energy of the thermions is closely equal to that of gas molecules at the 
same temperature. This indicates that they have velocities so low that 
very few of them are capable of moving against a negative potential of 
more than a couple of volts. Since the voltages applied to the anode are 
much larger than this, we may assume, for convenience, that the electrons 
are given off by the plate A without initial velocity. 

Now let V be the potential at a distance x from the plate A. The 
kinetic energy of an electron when it has traveled the distance x from the 
plate will thus be 


(4) smu? = Ve. 
The current (per unit area) carried by the electrons at any place will be 
(5) i = pv. 


For convenience, we take e and p positive even for electrons. Equation 
(3) thus becomes (in electrostatic units) 





(6) de = 4%? 


These three equations enable us to express V as a function of x and 1. 
By eliminating p and v from (4), (5) and (6), we obtain 


a2V ~ |m i 
aie ts oe em. 
(7) df 7 9° 8 TZ 


Multiply this by 2-dV/dx and integrate 
dV\? dV \2 . lamv 
(8) (=) - Zi Tr Bat é : 
Now if there is an opposing (negative) potential gradient at the 
surface of the plate A, o current will flow. If there is a positive potential 
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gradient all the electrons that are given off from the plate A will reach 
B, so that the current that flows will be determined by Richardson's 
equation. The case that we are interested in is that in which the current 
is less than the saturation current and is determined by the voltage of 
the anode. Evidently for this case the potential gradient at the plate 


] ’ 


whence from (8) by extracting the square root: 





dV — 4/2mV 
— = Jf —— , 
(9) po 822 


Integrating and solving for 2, we obtain: 


_ v2 Tevi 
fa — =<. 
or Nm x 


(10) 


This equation! gives the maximum electron current density between 
two infinite parallel plates with the distance x between them and with a 
potential difference V. This equation holds only where the initial 
velocity of the electrons at the’plate A is negligible compared to that 
produced by the potential -V. It does not hold at such high voltages 
that the electrons move with velocities approaching that of light. 

Taking e/m = 1.77 X 10’ E.M. units, reducing to E.S. units and sub- 
stituting in (10) and then reducing to volt, ampere units, we obtain 
from equation (10): . 

Vv? 
(11) 1 = 2.33 X 10°-3 
where 7 is the maximum current density in amperes per sq. cm., x is the 
distance between the plates in centimeters, and V is the potential dif- 
ference in volts. 

Electron Current between Concentric Cylinders.—Let us consider a wire 
of radius a placed in the axis of a cylinder of radius r._ Let ¢ be the ther- 
mionic current per unit of length from the wire. 

For the case of symmetrical cylindrical coérdinates, Laplace’s equation 
becomes? 
1d (,aV) _ 
~ ¢dr aes er 

1Since submitting this paper for publication the attention of the writer has been called 
to the fact that C. D. Child (Puys. REV., 32, 492, 1911), has already derived this equation. 
He bas, however, applied it only to the case where the ‘conduction takes place solely by 
positive ions. 

2 Weber’s Differential Gleichungen, 1900, Vol. 1, p. 98. 
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or 

mt é (,8B) 
dr\" dr } © 47°" 

The equation corresponding to (5) is 

(13) 14 = 2mrpv. 

These two equations, together with equation (4), which also applies to 

this case, give us 


ov a0, Iam 
(14) ’ ar +? dr eV 


This equation probably cannot be directly integrated, but it is possible 
to obtain a result in terms of a series. The final solution takes the form 


.2¥2 ES 
(15) 4 9 m rp? , 
where B is a quantity which varies from 0 to 1. The value of 6 can be 
obtained by substituting equation (15) in (14) and placing 
(16) r = ae’. 


Equation (14) is thus reduced to 


dp 7 
(17) seat (FL) +48G +e —1=0. 
The solution of this equation gives 
(18) B=7—-§r tds —sttovt+:::, 
where 
= In ms 
a 


Mr. E. Q. Adams, of this laboratory, has calculated the values of 6 
for various values of r/a and has shown that the value of 8 rapidly ap- 
proaches unity and that for all values of r/a greater than 10, 8 may for 
most purposes be taken equal to unity. The following table was prepared 


from Mr. Adams’ data: 
TABLE I. 
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Since in practical cases the diameter of the cylinder around the “ar( 1 


is usually much more than ten times that of the wire, the formula 


may usually be written 
._ 2v¥2 He 
(19) i= .— “a 


That is, the maximum electron current from a small wire is independent 
of the diameter of the wire, inversely proportional to the radius of the 
enclosing cylinder and proportional to V?. 
Substituting numerical values for e/m and reducing to ordinary electrical 
units (volts, amperes, cm.) equation (19) becomes 
Vv? 
(20) 1 = 14.65 X 190° —. 


Electron Current between Electrodes of Other Shapes.—It can be shown 
that between electrodes of any shape the maximum electron current 
varies with V?. Let us consider a system in which we have the maximum 
electron current with the potential difference V. Then Laplace’s 


equation 

(2) AV = 4p 

holds for such a space, as well as the two equations 
(5) 4 = pv 

and 

(4) 1mv? = Ve. 


Now let us increase the voltage in the ratio 1 :m and increase the 
current in the ratio 1 : m3. Equations (5) and (4) thus become 


ni = pu, 
4mv? = nVe. 


Eliminating v from these, and solving for p, we get 


td m 
= N1 . 
p 2Ve 


From this we see that p has been increased n fold. However, since 
V has been increased also m fold, Laplace’s equation (2) still holds. 
Hence we see that increasing the current by a factor n! and increasing 
the voltage by the factor m, leads to a condition which still satisfies the 
three equations (2), (4), and (5). This is, however, equivalent to in- 
creasing the current proportionally to V?. We thus see that whatever 
the configuration of the electrodes, the maximum electron current varies 
with V?, 
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DISCUSSION OF THE THEORY. 


The foregoing theoretical considerations have indicated that in a 
space devoid of positive ions, or gas molecules, the space charge caused 
by the electrons limits the current that flows between a hot cathode and 
cold anode under a given difference of potential. It now remains to 
compare the maximum currents obtained in the experiments, with those 
calculated from the equations that have been derived. 

Let us consider the data given in Fig. 1. The maximum electron 
current at 120 volts was .000426 ampere from the hot filament, or .o0182 
ampere persq.cm. At 240 volts the total current was .00130 ampere, 
or .00556 ampere per sq. cm. Since we are not dealing with parallel 
plane electrodes, nor with concentric cylinders, neither equation (11) 
nor (20) will apply rigorously. We are, however, mainly concerned in 
determining whether the space charge is an adequate explanation of the 
observed limitation of the thermionic current, and therefore can test out 
the two equations by calculating the distances which would have to 
exist between plane or cylindrical electrodes in order to give the observed 
thermionic currents. 

We will first test out equation (11), which should apply to parallel 
plane electrodes. Let us take the observed values of V and 7 and calculate 
x. We thus obtain: 


For V = 120 volts and 7 = .00182, we find x = 1.30 cm.; 
V = 240 volts 4 = .00556, we find x = 1.25 cm. 


Our formula thus indicates that the current density between parallel 
plane electrodes about 1.3 cm. apart would be the same as that observed. 
This is, however, very close to the actual distance between the electrodes. 
The very close agreement is probably due to the counter-balancing of 
two factors: first, the weakening of the electrostatic field, due to the flare 
of the lines of force around the wires, and second, the reduction of the 
intensity of the space charge owing to this same flare. 

Let us now test the equation (20), which should apply to concentric 
cylinders. Since the wire was 10.8 cm. long, the values of 7 (amperes 
per cm.) were .0000394 at 120 volts and .000120 at 240 volts. Sub- 
stituting these values in (20) and solving for r we obtain 


at 120,volts r = 490. cm., 
240 volts r = 450. cm. 


We see that the radius of a cylindrical anode would have to be very 
large (470 cm.), in order to give only the observed thermionic current. 
This result, however, appears perfectly reasonable, for the field produced 
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by a small wire anode is naturally much weaker than that produced by a 
cylindrical anode surrounding the cathode. 

The numerical values obtained from these equations are certainly of 
the right order of magnitude and agree as well with the experimental 
results as could be expected when the shape of the electrodes departs 
so far from those assumed in the calculations. 

We have seen that the theory leads us to the conclusion that for elec- 
trodes of any shape the maximum thermionic current should vary with / 
Vi. This can be readily tested out from the experiment. The ratio 
of the currents at the two voltages is 3.05. Taking the 2/3 power of 
this ratio, the voltage ratio should be 2.10, whereas actually it was 2.0. 
However, it must be remembered that the voltage of the anode was 
measured from the negative end of the filament, so that the average 
voltage drop from anode to cathode was about seven or eight volts less 
than those given. This would give for the voltage ratio 232: 112, or 
2.07, as against the 2.10 calculated by the three-halves power law. 

Several experiments have been undertaken to study the relation of 
maximum current to voltage over a wide range of voltage. Voltages 
from 10 volts up to 800 volts have been tried and the results plotted on 
logarithmic paper. From the slopes of the resulting lines the exponent 
of the voltage was calculated. Values varying from 1.5 to 1.7 have been 
obtained. Under certain conditions, to be described in more detail later, 
values much higher than these are sometimes obtained. 

The above considerations indicate that the space charge produced by 
the electrons is a sufficient cause for the limitation of current observed 
in the experiments. 


EFFECT OF RESIDUAL GASES ON CONSTANTS OF RICHARDSON’S EQUATION. 


In some of the early experiments on the thermionic current between 
two tungsten filaments, extremely variable results were obtained for the 
constants of Richardson’s equation. In mariy cases, however, when 
anode potentials as high as 150 or 250 volts were applied, a blue glow 
appeared in the lamp, indicating ionization of the residual gas. To get 
rid of this, the two filaments were connected in series and both heated 
to a very high temperature (2900° K.) for a few minutes. This ‘cleans 
up” the vacuum to an extremely high degree. The writer is publishing 
a series of articles in the Journal of the American Chemical Society on 
the clean up of various gases ina tungsten lamp. It has been found that 
with a very high temperature of the filament, all gases except the inert 
ones may be removed practically quantitatively. This treatment of 
the lamp to improve the vacuum resulted in a marked change in the 
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constants of Richardson’s equation and also changed the maximum 
thermionic currents. 

To still further improve the vacuum in some cases, the entire bulb 
was immersed in liquid air and the filaments were again heated to high 
temperature for a short time. This sometimes resulted in a further 
change in the thermionic current. 

These effects were clearly due to traces of residual gas. Tostudy them 
in more detail, some experiments were carried out in which lamp bulbs 
containing two filaments (or sometimes three) were connected to a vacuum 
system consisting of Tépler pump, sensitive McLeod gage and trap 
immersed in liquid air, placed directly below the lamp. The lamps were 
exhausted to less than .0001 mm. and heated for one hour to 360° C., 
to drive water vapor and carbon dioxide into the liquid air trap. No 
stop-cocks were used in the entire system, so that vapors of vaseline, etc., 
were avoided. The liquid air trap prevented the entrance of mercury 
vapor into the lamp. Care was taken to keep liquid air on the trap day 
and night during the whole experiment. 

The lamp bulb was about 3.5 cm. diameter and was connected to the 
rest of the vacuum system by a tube attached at the top of the bulb and 
bent into a goose neck. In this way the bulb could be immersed com- 
pletely in liquid air if desired. 

After exhaustion of the bulb and ageing of the filament at high tem- 
perature, a run was made with 177 volts on the anode, but without liquid 
air on the bulb. The pressure, according to the McLeod gage, was 
.00OI2 mm. 

The constants of Richardson’s equation were found to be 






































a = 22.10° amps. per sq. cm., 
= 55,800 degrees. 
Liquid air was now placed around the lamp bulb, and the thermionic 
current again determined. During this run the pressure was constant 


at .00007 mm. 
The constants were then found to be: 


a = 34 X 10%, 


b = 55,500. 


A plot of the curve, calculated from these data by Richardson's 
equation, is given in Curve I., Fig. 3, together with the experimentally 
determined points (Curve III.). 

The effect of cooling the bulb in liquid air was thus to increase the 
thermionic current considerably (about 60 per cent. at 2000° K.). The 
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filament was now run at 2130° K., at which temperature a thermionic 
current of .00214 amp. was observed. The liquid air was then removed 
from the bulb. The thermionic current fell rapidly to .00049 and then 
rose to .00184, at which it remained steady. 
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Fig. 3. 


Hydrogen.—Pure hydrogen to a pressure of .012 mm. was now admitted. 
The thermionic current was rather variable, changing gradually with the 
time, but by running the temperature up and down several times, fairly 
consistent results were obtained. The average values of Richardson’s 
constants were 

a = 5.4 X Io", 
b = 82,500. 

The hydrogen had gradually cleaned up during these runs from 0.012 

mm. to .006 mm.! The remainder of the hydrogen was now pumped 


out (down to .ooOII mm.) and another run was made to determine the 
thermionic current in good vacuum. The results were 


a = 4.3 X I0”, 
b = 85,000. 
The pressure rose during this run from .oooII to .00052 mm. 
The removal of the hydrogen thus produced relatively little effect, 


and certainly did not tend to cause a and 3 to return to the original 
values in a good vacuum. 


1 See paper on Active Modification of Hydrogen, Langmuir, J. Amer. Chem. Soc., 34, 1310 
(1912). 
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More hydrogen (.007 mm.) was now let in, and the constants were 


found to be 
7.6 X 1038, 


a 
b 


During this run the hydrogen cleaned up from .007 to .004 mm. 

A plot of the curve calculated from Richardson’s equation is given 
in Fig. 3 (Curve II.), together with the experimentally determined points 
(Curve IV.). 

The general effect of the hydrogen had apparently been to permanently 
lower’ the thermionic current, especially at low temperature. It had at 
the same time increased the value of the constant b to more than double 
its original value. 

Effect of Bulb Temperature.—At this stage in the experiments it was 
found that touching the bulb with the fingers had a marked effect on 
the thermionic current. This was due to a temperature effect. With 
the filament at 2190° K. the current was .oo1! amp. Warming the bulb 
slightly lowered the current to .0003. Placing ice water around the 
bulb raised the current to .0038. Liquid air, however, gave the same 
result as ice water. A run with the bulb in liquid air, with a pressure 
of .00025 mm. of hydrogen in the bulb, gave 


115,000. 


a = 20.4 X 10°, 
b = 55,600. 


These values are very close to those previously obtained with liquid 
air before any hydrogen had been let into the bulb. 

Immediately after this run a beaker containing water at 62° C. was 
placed around the bulb. The pressure rose to .0017 mm. and the values 
of a and b became 


7.7 X 20", 


a 
b 


A large number of runs were now made at different bulb temperatures. 
The results were similar to those already given, except that gradually 
the effect of heating the bulb became less marked and after a couple of 
days practically the same results were obtained with the bulb at 50° 
as at 0°. For example, two consecutive runs gave 


105,000. 


at 0° a= 54.108, b = 58,500; 
at 53° a = 60.10%, b = 58,500. 


1 The increase in the value of 6 in Richardson’s equation much more than offsets the 
increase in a, so that at temperatures in the neighborhood of 2000°, the currents in hydrogen 
are very much smaller than the original currents in vacuum. 
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Before this condition of insensitiveness to bulb temperature had been 
reached, tests were made to see if the changes in the thermionic current 
were due to vacuum changes or absorption of gas by the filament. The 
effect of interchanging the two filaments was tried many times. That 
is, the filament which had previously been used as anode was made cathode 
and vice versa. In no case did this change make any material difference 
in the magnitude of the thermionic current. The heating of the bulb pro- 
duced exactly the same effect, regardless of the previous history of the 
filament. The changes that did occur could clearly all be ascribed to 
vacuum changes caused by the absorption or evolution of gas by the bulb. 

Water Vapor.—The fact that the temperature of the bulb was in some © 
cases so much more important than the pressure of hydrogen indicated 
that it was the presence of water vapor that caused the decrease in the 
thermionic current and the increase in 6. To test this out, the liquid 
air was removed for a couple of minutes from the liquid air trap below 
the lamp and then replaced. The effect of thus allowing water vapor to 
enter the lamp was to make the thermionic current extremely sensitive 
to the temperature of the bulb. This sensitiveness could be destroyed 
again by heating the bulb to 360° and cooling. 

The conclusion to be drawn from these facts is that the decrease in the 
thermionic current is due to the presence of traces of water vapor. The 
McLeod gage gives no indication of such small amounts of water vapor, 
but the fact that little or no hydrogen is evolved by the action of the 
filament on the water vapor, together with the fact that the water vapor 
can remain days in the lamp before diffusing down into the liquid air 
trap, indicate that the pressure must be extremely low—probably not 
over 10° mm. Yet the evidence is strong that such pressures of water 
vapor have an enormous effect on the saturation thermionic current 
from tungsten. 

Oxygen.—It had been known that water vapor in contact with a hot 
tungsten filament oxidizes the filament with the liberation of atomic 
hydrogen. It was therefore of interest to know whether the marked 
effect produced on the thermionic current by water vapor is due to this 
particular reaction or whether the same effect will not be produced by 
dry oxygen. 

To test this out, the system was exhausted to a pressure of .0oo12 mm. 
The mercury in the Tépler pump bulb was raised so as to seal off the 
bulb and pure dry oxygen was admitted to the bulb. The quantity was 
chosen so that it would give a pressure of .005 mm. when allowed to 
flow out into the whole system by lowering the mercury in the pump 
bulb. 
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The filament (A) was now run at 2190° K., and the other filament 
(B) was charged 250 volts positively with respect to the cathode. The 
thermionic current was .003I amp. 

On lowering the mercury in the pump bulb and allowing the oxygen 
to enter the lamp bulb, the thermionic current dropped immediately to 
.00013; that is, to 4 per cent. of its original value. As the oxygen gradu- 
ally disappeared, the current steadily rose in value, as follows: 








| Pressure, Mm. Thermionic Current. 
On admitting oxygen........... | .005 .00013 
pn eT eeTTee .0003 .00030 
After 10 minutes............... | ; .00016 .00090 
After 15 minutes............... .00014 .00164 
After 20 minutes............... | 00010 .00230 





After 26 animutes............... 00007 .00270 


After letting in another supply of oxygen, the thermionic current was 
determined at various temperatures and gave 


a = 6.8 X 10%, 
b = 94,300. 
The effect of oxygen is thus found to be quite similar to that of water 


vapor. 
Nitrogen.—Experiments with nitrogen showed that this gas also usually 


decreased the thermionic current, although not so strongly as oxygen. 
Since nitrogen does not clean up as rapidly as oxygen, this gas was chosen 
for a series of experiments to determine whether other factors, such as 
anode voltage, had an influence on the Richardson constants in the 
presence of gas. 

Effect of Anode Potential.—In one experiment a pressure of about 
.0OI to .002 mm. of nitrogen was present in the bulb. A run was made 
with a potential of 220 volts on the anode, then a run with 100 volts, 
and then another run at 220 volts. The thermionic currents (milli- 
amperes per sq. cm.) in the three runs were as follows: 

















TABLE II. 
oe 220 Volts. | roo Volt. | _—aao Volts. 

2045 Sees 0.34 | 0.29 

2090 5 aise tea orem g Rada 0.70 0.63 

2140 Se ig chara sponte tee each 1.54 1.29 

2190 | 2.7 4.0 z.9 

2250 6.3 4.9 7.0 

2325 16.2 5.0 19.3 F 
2390 ’ 21.0 a 5.0 20.0 

Pressure of N2 = 0015 mm =| .0012 mm .0012 mm. 
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These results show that under certain conditions (low temperature 
and proper pressure of nitrogen) less current is obtained with 220 volts 
than with 100 volts. In this connection it may be said that these 
thermionic currents were reproducible and accurately measurable. The 
values changed gradually, however, as the nitrogen cleaned up.’ 

The following are typical runs (Table III.) selected from many that 
were made while the nitrogen was gradually disappearing: 

















TABLE III. 
i Pressure .00067 Mm. Pressure .ooo1rr Mm, 
Temp. 7-—_—— 
too Volts. 220 Volts. 100 Volts. 220 Volts. 

2045 0.53 0.36 1.58 1.50 
2090 1.02 0.86 2.9 2.90 
2140 2.50 1.90 3.8 6.2 
2190 | 4.2 4.50 | 4.4 9.8 
2250 4.6 11.8 4.6 11.4 
2325 | 4.8 13.8 Da ae ain ately ate 11.8 





| ee Pe aere | 13.9 eo 


Thus, as the nitrogen cleans up, the thermionic current increases and 
tends to return to its original value. At the same time the peculiar 
effect of the anode voltage in causing less current to flow at high voltage 
also practically disappears. 

All the experiments with nitrogen were made with the bulb surrounded 
with ice. This precaution, however, did not seem necessary in these 
runs, for at various times the ice was removed, but the thermionic current 
remained unchanged. 

In order to investigate in more detail the effect of the anode potential 
at various pressures of nitrogen and different filament temperatures, a 
special experiment was undertaken. A lamp containing two single loop 
filaments in a large bulb was sealed to the same vacuum system and 
exhausted as before. The filaments were of .0124 cm. diameter and 
each 8.9 cm. long. 

After ageing the filament, the thermionic current was measured at 
120 and 230 volts; the constants a and b were: 


at 120 volts a =1.2 X 10", 5b = 83,000; 
230 “ a = 4.7 X 10", b&b = 80,500. 


On the average, even with currents so low that the space charge should 
have no effect, the thermionic current was about 20 per cent. less with 


1 This is the electrochemical clean-up of nitrogen referred to by the writer in a paper on 
“The Clean-up of Nitrogen in Tungsten Lamps,"’ Jour. Amer. Chem. Soc., 35, 931 (1913). 
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120 than with 230 volts. This effect, which is just the opposite of that 
noted in the preceding experiment, is of fairly common occurrence when 
very special precautions are not taken to avoid traces of certain gases. 

The effect of oxygen on the thermionic current with different anode 
potentials was next tried. In every case the current was greatly reduced 
by the presence of this gas. The currents obtained with 120 volts and 
with 230 volts were always practically identical. 

Another measurement of the thermionic current in good vacuum 
(.0001 mm.) at 120 and 240 volts gave 


a°= 1.1 X Io#, 
b = 74,000. 


The curve obtained by Richardson’s equation with these constants is 
given in Curve I., Fig. 4, while Curves II. and III. are drawn through the 
experimentally determined points. 

A pressure of 0.0021 mm. of nitrogen was now introduced and the 
following measurements made at 120 and 235 volts. The results are 
expressed in milliamperes per sq. cm. 


TABLE IV. 





| Pressure .0oz21 Mm, Nitrogen. 
Filament Temp. —— —-—_——— — — - 
| Anode 120 Volts. Anode 235 Volts. 








2000 .132 130 

2050 .278 -283 

2100 Jas Joe 

2150 1.07 1.42 

2200 2.90 3.90 

2250 6.4 8.0 

2300 12.9 16.6 

2350 > 26 > 26 

a= 1.66 X 10° 2.2 x 10! 
= 68200 73200 


These results are plotted (Curves IV., V., Fig. 4) for comparison with 
the preceding run in a vacuum. It is to be noted that at temperatures 
up to 2050° the thermionic current, even with such a high pressure of gas, 
is not as much affected by the anode voltage as it had previously been 
found to be in a “‘good”’ vacuum. The presence of the nitrogen has, 
however, entirely removed all limitation of the current by space charge 
at the higher filament temperatures. 

Some runs were now made with the filament at fixed temperatures 
while the anode voltage was varied over a wide range. In most cases 
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the pressure of nitrogen was kept as nearly constant as possible at .0025 
mm.; in some runs, however, the effects produced by a pressure of .oo10 
mm. were studied. 

The data from three runs with the filament at 2100° are given in 
Fig. 5. The points along Curves I. and II. were obtained with .0025 
and .oo10 mm. pressure of nitrogen. The nitrogen was then pumped 
out to a pressure of .00016 mm., and the points along Curve III. were 
then obtained. 





Fig. 4. 


These curves help clear up several points that had been left very in- 
definite by the previous data. At anode potentials below 80 or 90 volts 
the effect of nitrogen is evidently to increase the thermionic current 
materially. But above a certain critical potential, which is higher the 
lower the pressure of nitrogen, the thermionic current decreases as the 
anode potential is raised. By comparison of the data on these curves 
with the curves of Fig. 4, it is seen that they are entirely consistent with 
the latter. 

In looking for an explanation of the shape of these curves, it is im- 
portant to bear in mind that the lower parts of the curves are determined 
primarily by the space charge. When the thermionic current is plotted 
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against /emperature, as in Figs. 1 and 3, the lower part of the curve gives 
the saturation thermionic current (Richardson), while the upper part 
gives the part which is limited by the space charge. On the other hand, 
when we plot the current against the anode potential, as in this case, the 
two parts are interchanged in position; thus the lower part of the curve 
gives the current as limited by space charge and the upper horizontal 
part gives the saturation current. 





Fig. 5. 


The lower part of Curve III., if obtained in a perfect vacuum, should 
therefore follow equation (11): in other words, the current should increase 
with V?. By plotting the first six points of this curve on logarithmic 
paper, a straight line was obtained, but the slope, instead of giving 3/2 
as the exponent of V, gave 1.71. This difference is certainly due to 
residual gas. Curve IV., Fig. 5, was obtained by continuing the curve 


1 = constant X V?*7!, 


The Curve III. separates from IV. above 125 volts because the current 
gradually reaches saturation for the filament at 2100°. 

We are now in a position to discuss the Curves I. and II. At anode 
potentials below 20 volts the curves seem to coincide fairly well, but 
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the current rapidly increases at higher potentials. Plotting the first six 
points of Curve I. on logarithmic paper does not give a straight line, but 
the exponent of V is found to increase from about 2 to over 6. The 
cause of this rise in current is probably that positive ions are formed by 
the collisions of the electrons with nitrogen molecules. The positive 
ions moving slowly carry only a very minute fraction of the current, yet 
by their mere presence they materially reduce the space charge and 
therefore allow a larger current to flow. 

If this were the only factor, one would expect with increasing voltage 
that the current would rise to the normal saturation current and then 
remain constant until the voltage reaches a point where additional 
electrons are liberated from the cathode by the impact of positive ions 
against it. But before this point is reached, some other factor begins 
to make itself felt. This is evidently a limitation of the current not by 
space charge, but by some phenomenon which prevents the emission of 
electrons from the cathode. It is, however, not due to a simple alter- 
ation of the properties of the material of the cathode, for its magnitude 
depends on the anode potential. 

The following theory seems to be consistent with all the observed facts 
and may prove to be the correct explanation of the phenomenon. 

Theory of the Effect of Nitrogen on the Thermionic Current.—The 
writer has shown! that nitrogen does not react perceptibly with solid 
tungsten at any temperature, but does react completely with all the 
tungsten that evaporates from the filament to form the compound WN>2. 
The evidence indicated that this compound is unstable at temperatures 
above 2400°. Now although ordinary nitrogen does not react with 
solid tungsten to form a compound, it is not improbable that nitrogen 
ions possessing enormously high kinetic energy as compared with the 
ordinary molecules, will do so. The compound formed, however, being 
unstable, does not permanently remain on the surface, but either de- 
composes or volatilizes. Any such process, however, requires a certain 
amount of time, so that the molecules would remain on or in the surface 
during perhaps a perceptible fraction of a second. The higher the tem- 
perature of the filament, the shorter the average time that would elapse 
between the formation of a molecule of the compound and its elimination 
from the surface. 

I.et us now apply this theory to the data presented in Fig. 5. At an 
anode potential below 20 volts, no positive ions are formed, so the surface 
of the tungsten is not exposed to bombardment. At higher voltages 
the positive ions are produced in increasing numbers and strike the 


1 Jour. Amer. Chem. Soc., 35, p. 943 (1913). 


















SECOND 
472 IRVING LANGMUIR. SERIES. 





















cathode with increasing velocity. As a result the surface becomes more 
or less completely covered by a layer of molecules of the compound. 
Since as a rule a compound would be expected to emit electrons less 
freely than a metal, it is not unreasonable to imagine this surface layer 
as being the cause of the decreased electron emission. 

In a perfect vacuum the actual electron emission from the tungsten is 
independent of the anode voltage as indicated in Curve III’., Fig. 5. 
However, at low anode voltages the space charge causes most of the 
electrons to return to the filament, so that the actual current obtained 
is as shown in Curve III. On the other hand, in low pressures of ni- 
trogen the actual electron emission decreases as the anode potential 
increases, as illustrated by the hypothetical Curves I’. and II’. As in 
the case of the vacuum, however, at low voltages the space charge causes 
the return of most of the electrons to the cathode, so that the actual 
curves (I. and II.) show a current which rises rapidly with increasing 
potentials. When the potential becomes sufficient to prevent the return 
of any electrons to the cathode, then the current becomes limited solely 
by the electron emission from the metal. At high voltages, therefore, 
the current decreases with increased anode potential because of the 
increasing proportion of the cathode surface covered with the com- 
pound. 

The theory thus accounts for the shape of the curves in Fig. 5 in a 
satisfactory way. It also gives a reason for the shape of the curves 
obtained with nitrogen given in Fig. 4. The effect of nitrogen has 
invariably been to greatly decrease the saturation current at 240 volts. 
At low temperatures this effect is much more pronounced than at high. 
This is indicated by the fact that the introduction of nitrogen (or oxygen) 
always increases the value of Richardson’s constant 6 from 55,000 up 
to 80,000 or more. These facts are in complete accord with the theory, 
for, as has been pointed out, the length of time that the molecules of the 
compound will remain on the metal would be much less at high temper- 
atures. Therefore, the higher the temperature, the smaller the pro- 
portion of the surface covered by molecules of the compound, and the 
nearer the observed thermionic current approaches the normal satura- 
tion current. 

Whatever the nature of change in the surface of the tungsten which 
decreases the electron emission, it is one which does not persist for more 
than a few seconds after the removal of the nitrogen. In the course of 
all these experiments, except before ageing the filaments, there were 
never any effects which could not be immediately duplicated after inter- 
changing the functions of the two electrodes. There is therefore no reason 
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to call upon any “inexhaustible supply of gas’’ in the filament to account 
for any of the phenomena observed.! 

Effect of Anode Potential at Higher Filament Temperature.—The data 
on the effect of anode potential obtained with the filament at a higher 
temperature, 2300° K., is given in Fig. 6. With .oo1o mm. of nitrogen, 
the current rose steadily (Curve I.) until a potential of about 135 volts 
was reached. With potentials higher than this, the current would rise 
to a high value, .o13 amp. per sq. cm. or more, immediately on lighting 
the filament, and the discharge was accompanied by a strong purple glow 
filling the bulb. Suddenly the current fell to .o05 amp. per sq. cm. or 
less, and at the same time the purple glow vanished. Every time that 


< 
- 
£ 
7 
. 
- 
> 
o 





Fig. 6. 


this happened the pressure in the system would fall to from about .0012 
to .0006 or less, so that fresh nitrogen had to be admitted after each trial. 

With a pressure of about 0.0025 mm. of nitrogen (Curve II.) a dis- 
continuity occurred in the current values at an anode potential of 70 
volts. Above this, however, the current was again steady. These 
unstable conditions are probably due to ionization reaching such a value 
that the bombardment of the cathode by the positive ions gives rise to 
additional electrons. These in turn cause the formation of fresh positive 
ions. The effect is thus one which can readily become unstable. It is 

1 The writer feels strongly that the majority of the cases cited in the literature where fine 
platinum wires, etc., apparently continue to give off gas after prolonged heating, are caused 
not by gas from the wire, but by water vapor or other gases liberated from the walls (or 


vapors from stopcock grease or sealing-wax) which are changed chemically by the hot wire 
or by electrical discharges. 
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interesting to note, however, that even with this additional electron 
emission, the current is still less than the saturation current in a perfect 
vacuum, which from Curve I’., Fig. 4, would be about .o50 ampere per 
sq.cm. Undoubtedly at higher pressures and voltages than those used 
the currents caused by ionization would ultimately greatly exceed the 
saturation current from the filament. 

Curve III. gives the current obtained with a much better vacuum 
and probably represents very closely the normal current as limited by 
space charge. The effect of the nitrogen is thus mainly to produce 
positive ions and neutralize the space charge. 
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Fig. 7. 


Argon.—A series of experiments was made to determine the ther- 
mionic current in low pressures of argon. The surprising result was 
obtained that the saturation currents were in every case (pressures up 
to .002 mm.) identical with the results previously obtained in the best 
vacuum. That the argon had the further effect of neutralizing the space 
charge is shown by the relatively large currents obtained with anode 
voltages of only 40-100 volts. 

In all, about thirty runs were made, and with two exceptions they all 
gave values of the Richardson constant b between 50,500 and 58,000. 
The Curves I. and II., Fig. 7, are examples of typical runs. It is seen 
by comparison with Fig. 3 that the maximum currents obtained are 
considerably larger than those to be had in vacuum with similar voltages, 
but these larger currents are due solely to the removal of the limitation 
imposed by the space charge. At lower temperatures the currents ob- 
tained are practically identical with those in vacuum. 




















= THERMIONIC CURRENTS IN HIGH VACUUM. 475 


Another remarkable fact about the effect of argon on the thermionic 
current is that considerable admixtures of nitrogen or even oxygen have 
little or no effect. Thus, while the filament was running at 2190° in 
argon at .0016 mm. pressure, an amount of nitrogen was let in, which 
raised the pressure to .0035, yet the current at 240 volts changed only 
about 5 per cent. 

In another case, while the filament was running under similar con- 
ditions as in the test with nitrogen, an amount of oxygen was suddenly 
admitted sufficient to raise the total pressure from 0.0016 to 0.0035 mm. 
In this case the current was decreased by about 10 per cent. for a few 
seconds, but rapidly returned within a couple of per cent. of the original 
value. Upon lowering the temperature to 2045°, the thermionic current 
was found to be only 7 per cent. of its value in argon, while at 2140° it 
was 20 per cent. of its original value. If these results are compared with 
those cited previously on the effect of oxygen on the thermionic current, 
it will be seen that the argon has enormously weakened the effect produced 
by oxygen, especially at higher temperatures. 

Argon acted remarkably in another respect. The thermionic current 
in argon caused very marked disintegration of the hot cathode; whereas 
this effect is entirely absent in a good vacuum with a pure electron 
current, and only present to a very slight degree in pressures of nitrogen 
as low as .002 mm. With the argon the filament rapidly increased in 
resistance by loss of material which deposited on the bulb in the form of 
black bands, principally behind the anode. These bands had more or less 
the shape of the anode filament and had a white strip down their centers 
—evidently the shadow cast by the anode. This proves that the tungsten 
which was sputtered from the cathode was or became negatively charged. 
It is surprising that the thermionic current was identical with that in a 
high vacuum, notwithstanding this marked disintegration of the cathode. 
This experiment certainly proves that there is no necessary relation 
between cathodic disintegration and thermionic current. 

These results with argon are strong support for the theory that the 
positive ions of nitrogen or ordinary molecules of oxygen form unstable 
compounds with the tungsten which prevent the normal electron emission, 
Argon not being capable of reacting chemically with the tungsten does 
not reduce the thermionic currents. 

The explanation of the action of argon in preventing oxygen and 
nitrogen from having their normal effect is probably that the bombard- 
ment of the cathode by the positive argon ions, which is undoubtedly 
(in accordance with Stark’s theory) the cause of the sputtering of the 
cathode, also sputters away any compound formed and thus keeps the 
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surface of the tungsten clean. At lower temperatures and hence lower 
currents, the sputtering is less marked and therefore the argon inter- 
feres less with the normal action of the oxygen. 


EXPERIMENTS WITH PLATES AND CYLINDERS AS ANODES. 


In all the experiments mentioned thus far, the anode has been a 
tungsten filament which has been freed from gas by heating to 2500°. 
Several experiments, however, were also made with anodes of thin sheet 
metal, in the form of plates or cylinders. In general, in these experiments, 
unless very special methods of treating the electrodes are adopted, the 
evidences of the presence of gas are much more marked than in the 
experiments with filaments as anodes. A great variety of erratic effects 
occur, such as gradual changes in the thermionic current, and various 
kinds of fatigue effects. Some of these effects are particularly pro- 
nounced at low temperatures of the filament. A large amount of data 
has been obtained in studying these effects, and much of it is of such 
interest that the results will be published in detail in subsequent papers. 
For the present it will suffice to consider the results of a few runs at 
various filament temperatures and anode voltages, in a lamp containing 
a cylindrical anode. 

The anode in this experiment consisted of a cylinder of platinum foil, 
3.5 cm. diameter and 6 cm. long. Inside of this, about I cm. apart, were 
placed two single loop tungsten filaments of wire .0127 cm. diameter and 
each 9.9 cm. long. The surface of each was thus 0.40 sq. cm. A cylin- 
drical glass bulb fitted closely about the platinum cylinder. 

The platinum cylinder, before placing in the lamp bulb, was ignited for 
a few minutes over a blast lamp to a white heat and washed with nitric 
acid, but other than this, purposely not subjected to special treatment. 

This lamp was sealed to the same system as before and the same care 
was used in exhausting it as in the other experiments. That is, after 
exhausting to 0.001 mm., the bulb was heated to 370° C. for an hour and 
a half. From the beginning to the end of the experiment the trap 
directly below the lamp was kept in liquid air. 

During the first few days the results were extremely erratic and were 
characterized especially by lag or fatigue effects. The results showed 
clearly, however, that these were not due to gas contained in the filament, 
but were rather caused by gas from the anode liberated by electron 
bombardment. The quantities of gas liberated, however, were very small, 
so that even with the Tépler pump no great difficulty was experienced 
in keeping the pressure continually below .ool mm. 

The runs about to be descr:bed were made on the tenth day after the 
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beginning of the experiment. By this time most of the erratic effects 
had disappeared and the results obtained were beautifully reproducible. 

A series of runs was made with the following anode voltages, and in 
the following order: 240, 124, 30, 50, 70, 90, 70, 50, 30, 20, 110, 124. At 
each voltage the thermionic currents were measured at temperatures 
from 1850° to 2350 or 2500°, in steps of 50°. The pressure during all 
these runs varied within the limits .00007 to .00023 mm. In every case 
different runs at the same anode voltage gave practically identical 
results. Furthermore, at temperatures so low that saturation current 
was obtained, the thermionic currents at different voltages were the same. 
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Fig. 8. 


The results of these runs are given in Fig. 8. All the experimentally 
determined points are given, except where the curves run together, and 
then the points for the curve made at I10 volts are given. 

For comparison with these results, the Curve I., of Fig. 3, has been 
replotted in Fig. 8 (continuous heavy line). This curve gives the 
results that were obtained under good conditions in a vacuum and in a 
case in which temperatures were determined in the same manner as in 
the present experiment. 

The upper portion of the curve (not given in Fig. 3) was calculated by 
Richardson’s equation, using the constants 


a = 34 X 10%, 
b = 55,500. 


It will be seen, from Fig. 8, that the currents obtained with the cylin- 
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drical anode are much larger than any recorded previously in this paper. 
Thus with 110 volts or more, currents up to 0.350 ampere per sq. cm. 
(actual current measured was 0.139 amp.) were obtained. But the 
curves show plainly that at the same temperature of the filament, the 
currents are always less than those obtained under the best vacuum 
conditions. The shape of the anode reduces the effect of space charge 
and thus allows much more current to flow with the same voltage than 
in the previous experiments. 

This experiment offers the most convincing evidence possible of the 
correctness of the general theory of the effects of gas outlined previously. 

According to this theory, the effect of certain gases (probably most 
gases except the inert gases) is to cut down the normal electron emission 





Fig. 9, 


from the heated metal, by the formation of an unstable compound on the 
surface. At higher temperatures the rate of decomposition or evaporation 
of the compound is greater and hence fewer molecules of the compound 
remain on the surface. At sufficiently high temperatures the compound 
should completely disappear and thus allow the electron emission to 
become normal. 

The present experiment is in full accord with this theory. At low 
temperatures the electron emission (saturation current) is much less 
than the normal, but at higher temperatures it increases rapidly up to 
the normal value, but the current never exceeds the normal current. 


These facts are made much clearer by plotting log i/“ 7 against 1/T 
(Fig. 9). With these functions as codrdinates, the points should lie on a 
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straight line if the current follows Richardson’s equation. Curve I. is 
the normal vacuum curve shown in Figs. 3 and 8, and Curve II. is that 
obtained from the experiment with the cylindrical anode at a potential 
of 110 volts. It is seen that the second line is not straight. The lower 
part is practically straight, but the upper part does not cross the normal 
vacuum curve, but instead bends over and joins it. The reason that 
it does not follow it at higher temperatures, is probably that space charge 
is having some effect, as in the run with 90 volts (see Fig. 8). The 
extremely close coincidence between the observed} and calculated curves 
over the short range of contact is undoubtedly partly accidental. 

The fact that the curves obtained at low anode voltages (20-30 volts) 
coincide at lower temperatures with the curves obtained with high 
potentials, show in this case that the compound on the surface is not 
formed from positive ions, but is formed directly by a reaction between — 
the gas and the metal. The gas in this case is probably carbon monoxide 
or hydrogen, and can easily be supposed to react in this way to form 
unstable compounds. With nitrogen, on the other hand, the evidence 
is good that the compound only forms when positive nitrogen ions strike 
the filament. | 

The effect of the gas in eliminating the space charge is strikingly shown 
in thisexperiment. At higher potentials the thermionic current increases 
much more rapidly than the three halves power of the voltage. This 
shows that positive ions are formed which reduce or eliminate the space 
charge produced by the electrons, yet themselves do not carry a percep- 
tible portion of current. 

Some other experiments, to be described in detail in a subsequent 
paper, have shown, that the bombardment of the cathode even by posi- 
tive ions of a velocity corresponding to only 110 volts, causes the cathode 
to emit electrons having a velocity corresponding to a velocity of 6-12 
volts. Thus a third filament in a bulb in which a thermionic current is 
flowing often charges up rapidly to a potential of 10 volts negative with 
respect to the negative end of the cathode filament. This observation is 
entirely in line with previous observations on delta rays and electron 
emission caused by canal rays. 


GENERAL DISCUSSION. 

The evidence presented in this paper and the theories that have been 
advanced are thought to throw a rather new light on the electron emission 
from incandescent solids in high vacuum. 

In the first place, the work indicates that the experimental conditions 
that have commonly been employed in the investigation of thermionic 
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currents in vacuo have not been well adapted to eliminate important 
secondary effects. The proper conditions seem to be: 

1. Extremely high vacuum; that is, a pressure below .0001 mm. should 
be obtained. The presence of certain gases is much more injurious than 
others. Gases such as oxygen, water vapor, carbon dioxide, and hydro- 
carbons, which are very active chemically at high temperatures, should 
be especially avoided. This means that all stopcocks and sealing-wax 
must be eliminated and all glass parts not to be cooled by liquid air must 
be heated for at least an hour to 360° or more. Even with the Gaede 
molecular pump these precautions are necessary. 

2. Avoidance of large anodes, except those that have been especially 
treated by heating in a vacuum to 2000° or have been exposed to power- 
ful electron bombardment in a very high vacuum. Treating the metal 
by making it an electrode in an ordinary glow discharge, except when 
the inert gases are used, is about the worst thing that could be done to it. 
Preferably the anode should consist of tungsten wire which is freed from 
gas by heating to 2500° for ten minutes. This should be done in the ap- 
paratus itself. 

3. The relative position and size of the electrodes should be such that 
space charge does not limit the current to an undesirable degree. 

If proper precautions are taken to obtain an extremely high vacuum, 
and if the anode consists of molybdenum or tungsten and is given a 
preliminary treatment by exposing to very powerful electron bombard- 
ment, it is possible to use cylindrical anodes without obtaining the 
slightest evidence of positive ionization. For this purpose the anode 
should be charged to several thousand volts and the filaments raised 
to such temperatures that 50-200 milliamperes thermionic current are 
obtained. Under these conditions the anode becomes heated to a bright 
red or white heat, and the combined effect of the electron bombardment 
and the high temperature is to free the anode from gas.. After such 
treatment pure electron currents of several tenths of an ampere may be 
obtained without positive ionization. Dr. Dushman has found that 
under these conditions the space charge equation (20) holds with a high 
degree of accuracy.! In this way, by using three cylindrical anodes on 
the guard ring principle, it should be possible to use equation (20) to 
determine the value of e/m with a degree of precision greater than that 
obtainable by any other method. Neither the writer nor Dr. Dushman 
intends to make such precision measurements and therefore we would 
like to suggest that this method be seriously considered by those who 
plan to make such determinations. 


1 These results will secon be published by Dr. Dushman. 

















+ ny THERMIONIC CURRENTS IN HIGH VACUUM. 481 


Failure to observe the conditions given above has, it is feared by the 
writer, very seriously vitiated most of the quantitative results obtained in 
the past on thermionic current in a vacuum. It is also undoubtedly the 
principal cause of the opinion which is so prevalent today that the 
electron emission from hot solids is a secondary effect, probably usually 
produced by chemical reactions, which would disappear if a perfect 
vacuum could be obtained. 

The evidence presented in this paper will, it is hoped, counteract 
these unfortunate tendencies and help place the Richardson theory of 
electron emission on a firm footing or at least stimulate the critical 
study of the theory. The thermionic effect is of at least as great in- 
trinsic interest as the photoelectric effect, and should receive as much, 
if not more, attention on the part of physicists. 

Let us now examine more closely some of the experiments which have 
led to the common knowledge of thermionic currents in vacuo. 

With platinum wires extremely variable results have been obtained. 
H. A. Wilson found that by heating the wire in oxygen or by previously 
boiling it for 24 hours in nitric acid, the thermionic current would be 
reduced to the 100,000th part of its original value. This lower value, 
however, he considers the normal value in a vacuum, and believes the 
increase observed when hydrogen is admitted to be due to some 
secondary effect. 

The effect of oxygen on the thermionic current from platinum is so 
strikingly similar to that observed with tungsten that the writer cannot 
help but feel that the cause in both cases is similar. The writer has 
found,! and will soon publish his results in detail, that when a platinum 
wire is heated in oxygen at low pressure, the platinum evaporates at 
the same rate as in a vacuum and that the platinum vapor combines 
quantitatively with the oxygen after it leaves the surface of the wire to 
form the compound PtQ,. This is identically the same type of reaction 
that has been observed with tungsten and nitrogen. This suggests 
strongly that oxygen would have a similar effect on the thermionic current 
from platinum that nitrogen has on tungsten. In other words, the oxygen 
would cut the thermionic current down to a value Jower than the normal 
vacuum current. Hydrogen would reduce the oxide and allow the normal 
current to flow. Of course it is quite possible, although not probable, 
that some gases may increase the thermionic current instead of de- 
creasing it. 


1 Jour. Amer. Chem. Soc., 35, p. 944 (1913). 
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PRING AND PARKER’S EXPERIMENTS.! 


The excellent experiments of these investigators have been perhaps 
the most convincing evidence that the thermionic electron emission is 
a secondary effect. Let us therefore criticize the experiment in the light 
of the new theory. 

In the first place, carbon is a substance which at high temperatures is 
particularly active chemically, so that it probably reacts with every gas 
present in the system. The residual gases may therefore be expected 
to have a particularly strong action in reducing (or possibly increasing) 
the thermionic current. Although Pring and Parker have attempted to 
obtain a high vacuum, and have measured the pressures, yet the best 
vacuum they claim to have attained, while heating the cathode, is .oo1 
mm. Actually, however, the pressure must have been at least several 
times this amount, for mercury vapor (.002 mm.) had free access to the 
apparatus and they used ‘‘soft wax”’ in several places, which gives off 
large quantities of various vapors, all of which are readily condensible 
and therefore not indicated by the McLeod gage. 

In the second place, the distance between anode and cathode in their 
experiments varied from 4.8 to II cm, so that in a perfect vacuum, 
with only 330 volts on the anode, they could have obtained only very 
little current because of the space charge. For example, if we calculate 
from equation (11) the total current that could be carried at 330 volts 
between two electrodes 8.0 cm..in area at a distance of 4.8 cm., we obtain 
only .0048 ampere. Whereas Pring and Parker obtained currents as 
high as 40 amperes, with only 40 to 60 volts in the beginning; later on, 
after the carbon had ceased giving off large quaritities of gas, the currents 
fell to as low as .000016, with the temperature of the carbon rod at 2050°. 

The reason that the currents in their experiments went down to values 
so much below that which we have calculated above from the ‘‘space 
charge”’ equation may possibly be that the electron emission was actually 
decreased to that low value by the presence of gas. A much more 
probable explanation suggests itself by referring to the diagram of their 
apparatus (Fig. 1, Pring and Parker’s paper). Apparently they have 
placed a glass cylinder, F, around the anode, in order to protect the walls 
of the tube from the radiation from the hot anode. In discharges at 
high pressures this cylinder would have little or no effect on the dis- 
charge, but at low pressures, where the free path of the electrons from 
the cathode becomes commensurate with the distance (apparently about 
2 cm.) from the cathode to this cylinder, the effect is very important. 
At very low pressures these electrons charge up the cylinder to the 


1 Phil. Mag., 23, 192 (1912). 
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potential of the anode and therefore pract:cally destroy the potential 
gradient close to the cathode, where it is especia]ly needed to remove the 
space charge. The writer has often observed effects of this kind in con- 
nection with his work: in fact, in very high vacuum the charging up of 
the glass sometimes becomes very troublesome. Thus, in some cases, 
after measuring a thermionic current with 240 volts on the anode, no 
current at all will be obtained when the anode potential is changed to 
120 volts. By touching the bulb with the hand and then with the other 
hand touching the positive termina! of the direct current supply line, the 
current instantly starts up again. 

In Parker and Pring’s experiments, therefore, as the vacuum improved, 
the potential available for the removal of the space charge decreased 
very rapidly, and this effect is probably responsible for the extremely 
small currents obtained by them in some cases.! 


LILIENFELD’S EXPERIMENTS.? 


Lilienfeld has concluded from the results of very careful and elaborate 
experiments in which we took precautions to obtain a particularly 
high vacuum, that positive ions play an essential réle in conduction 
of electricity, even through the highest vacuum. He finds that beyond 
a certain point these effects are entirely independent of the degree of 
vacuum. He finds also that the potential gradient is uniform in the 
‘space between the electrodes and that the current varies almost exactly 
proportional to the square of the potential gradient. He shows from these 
results that there is no space charge (except at extremely low currents), 
but that there must be equal numbers of positive and negative ions in 
every unit of volume. 

Lilienfeld used a Wehnelt cathode as a source of electrons, and anodes 
of platinum foil, which were kept cold by liquid air while the discharge 
passed. 

These results are so radically different from those that have been 
described in the present paper, that they call for comment. The effects 
observed by Lilienfeld are certainly real, and prove that the kind of 
discharge that he was studying is totally distinct from the pure electron 
currents that have been obtained with hot tungsten cathodes. 

The essential difference in the conditions is undoubtedly the use of 
the Wehnelt cathode. 

1 In still more recent work Pring (Proc. Roy. Soc., 89, 344, 1913) again finds the electron 
emission from carbon to be due entirely to secondary effects. Undoubtedly the large cur- 
rents that have often been obtained are due to these causes, but some measurements we 


have made show clearly the existence of a true electron emission. (See Appendix). 
2 Ann. Phys., 32, 673 (1910). 
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From some experiments made in this laboratory with Wehnelt cathodes, 
and judging from the experiments of Child! the writer is strongly of the 
opinion that the Wehnelt cathode is not a primary source of electrons 
at all, but is simply a cathode which is particularly sensitive to bom- 
bardment by positive ions and under the influence of such bombardment 
emits electrons copiously. 

In Lilienfeld’s experiments, with the long and crooked path between 
anode and cathode, the space charge would have prevented a pure electron 
discharge from taking place. The Wehnelt cathode, however, probably 
liberates quantities of gas sufficient to furnish the positive ions necessary. 
It is also possible that Lilienfeld obtained a steady evolution of suf- 
ficient gas by the electron bombardment of the anodes which had never 
‘been properly freed from gas. 


APPENDIX.” 


Since the foregoing paper was written, a large amount of data on 
thermionic currents from various metals have been obtained under con- 
ditions of still better vacuum. The measurements thus far made are of 
a preliminary nature, but seem to indicate that the normal thermionic 
current from tungsten is even larger than that previously given. Much 
more accurate determinations of the thermionic currents from tungsten, 
tantalum, molybdenum, platinum and carbon are in progress, and will 
be published. The results thus far show that with all these substances, 

he effect of residual gases is always to decrease the thermionic current. 
Often the current obtained after the best vacuum conditions have been 
attained is 100—-1,000 times as great as that observed when only the usuak 
means of obtaining so-called high vacuum are employed. 

The following preliminary results, giving the observed thermionic 
currents in milliamperes per sq. cm. from various filaments at 2000° K., 
may be of interest, but should be considered merely as lower limits to 
the normal electron emission in a perfect vacuum: 


Thermionic Current 


at 2000° K, Richardson's 
Metal. Milliamps. per Sq. Cm. Constant 4. 
ee ere eT 3 55,000 
SE Sidi ce aWininlu cn dein ae ae 7 50,000 
I ease ed dr ok coe we ck ec e mR 13 50,000 
ie Be abide eReereas ew alaw tod we 0.6 80,000 
EE cbt tees dewennss eeumese eae eawiawe 1.0 32,000 


The values of b given in the last column are probably all slightly too 
high. With platinum it is extremely difficult to get concordant results, 


1 Puys. REV., 32, 492 (1911). 
2 Added during correction of proof. 
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probably because the surface film is fairly stable, even close to the melt- 
ing-point of the metal. Fredenhagen!' has recently given reasons for 
concluding that none of the measurements thus far made of thermionic 
currents from platinum have really given anything more than secondary 
effects. He suggests that the presence of an oxide film may seriously 
affect the results. Our experience has fully confirmed his conclusions. 


SUMMARY. 

It is shown both theoretically and experimentally that the mutual 
repulsion of electrons (space charge) in a space devoid of positive ions, 
limits the current that flows from a hot cathode to a cold anode. For 
parallel plane electrodes of infinite extent, separated by the distance x, 
and with a potential difference V between them, the maximum current 
(per unit area) that can flow if no positive ions are present is 
. v2 fev 
1 or Nm x2" 


For the analogous case of an infinitely long, hot wire, placed concen- 
trically within a cylindrical anode, of radius r, the maximum current per 
unit length is 
aV2 fev? 

9 Nmre’ 





i= 


where 8 varies from 0 to I, according to the diameter of the wire, but 
for all wires less than 1/20 the diameter of the anode, 8 is a quantity 
extremely close to unity. 

2. In the presence of gas at pressures above .ooI mm., and at voltages 
above 40 volts, there is usually sufficient production of positive ions to 
greatly reduce the space charge and thus allow more current to flow than 
indicated by the above equations. 

3. It is shown, contrary to the ordinary opinion, that the general effect 
of very low pressures of gas is to greatly reduce the electron emission from 
an incandescent metal. 

4. This effect is especially marked at low temperatures. In most 
cases it probably disappears at very high temperatures. 

5. The constant } of Richardson's equation 

oa 
i=avTe* 
is always increased, in the case of tungsten, by the introduction of oxygen, 
nitrogen, water vapor, carbon monoxide or dioxide. Argon, however, 
has no effect on either constant. 


1Leipziger Berichte, math. phys. KI., 65, 42, 1913. 
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6. The normal thermionic current from tungsten in a “ perfect’’ vacuum 
follows Richardson’s equation accurately. The constants approximately: 


a = 34 X 10° amps. per sq. cm., 
b = 55,500. 


7. Preliminary data are given for the electron emission from tantalum, 
molybdenum, platinum and carbon. With these substances also the 
effect of gases is to greatly decrease the electron emission. 

8. The effect of nitrogen in decreasing the thermionic current from 
tungsten depends on the voltage of the anode. In many cases less cur- 
rent is obtained with 240 volts than with 120 volts. With oxygen, the 
effect seems independent of the anode voltage. 

9. The following theory seems to account for most of the observed 
phenomena and is apparently not inconsistent with any: 

The effect of gases in changing the saturation current is due to the 

ormation of unstable compounds on the surface of the wire. In the 
jcases observed the presence of the compound decreases the electron 
‘emission. It is possible, however, that in some cases it might cause an 
increase. The extent to which the surface is covered by the compound 
depends on the rate of formation of the compound and on its rate of 
removal from the surface. The compound may be formed on the surface 
directly by reaction with the gas (for example, oxygen), or by reacting 
principally with positive ions which strike the surface (nitrogen). The 
compound may be removed from the surface by decomposition, evapo- 
ration, or cathodic sputtering (i. e., being driven off by bombardment of 
positive ions). 

10. The experimental conditions which should be met, in order to 
most easily study the thermionic currents in high vacuum, are discussed. 
It is pointed out that failure to observe these conditions is probably the 
cause of other investigators having found that the thermionic currents 
tend to decrease with increasing purity of the cathode and progressive 
improvement of the vacuum. 

11. It is concluded that with proper precautions the emission of 
electrons from an incandescent solid in a very high vacuum (pressures 
below .10~* mm.) is an important specific property of the substance and 
is not due to secondary causes. 

In conclusion the writer wishes to express his appreciation of the valu- 
able assistance of Mr. S. P. Sweetser, and Mr. William Rogers who have 


carried out most of the experimental part of this investigation. 
RESEARCH LABORATORY, 
GENERAL ELECTRIC COMPANY, 
SCHENECTADY, N. Y. 
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THE SENSIBILITY CURVES FOR SELENIUM; A NEW SENSI- 
BILITY-WAVE-LENGTH MAXIMUM AND A 
NEW PRINCIPLE. 


By F. C. BROWN AND L. P. SIEG. 


ECENTLY Pfund! found a maximum in selenium at wave-length 
690 uz which disappeared when the intensity of illumination 
became very faint. This disappearance calls attention to the com- 
plexity of the light action in selenium. The present authors were led 
to believe as a result of a mathematical analysis that the complex be- 
havior might be simplified by using very short periods of exposure to 
the light, and even that the maxima might disappear for intense illumi- 
nation also. We have been surprised to find in the Giltay cell a very 
pronounced maximum at 800 wu, which disappears with small intensity 
just as the maximum discovered by Pfund in the region of 690 wu was 
observed to vanish. And further, not only does this maximum disappear 
with intense illumination when the selenium is exposed for a short interval 
of time, but all maxima disappear, such that the remarkable result is 
obtained that the change of resistance of the particular cell studied is 
independent of the wave-length of the incident light between 460 and 
790 wu. The change of resistance for light in this region is solely a 
function of the intensity. This last conclusion is important in that it 
promises us an instrument for measuring energy in the visible spectrum 
more delicate than the thermopile or bolometer. In this article we 
propose to restate the conditions under which the maxima appear and 
to define a method of using the selenium cell for energy comparisons of the 
various wave-lengths in the visible spectrum. 


THEORY. 


First we wish to make clear that for intense illumination made up of 
all visible wave-lengths, we should obtain the simplest conditions by 
using short exposures. A mathematical analysis has revealed? that for 
the Giltay cell when exposed to approximately white light there are two 
direct and two reverse changes taking place and only one conducting 


1 Puys. REv., XXXIV., p. 370, 1912. 
2 See paper by F. C. Brown, Puys. REV., 33, p. 403, IQII. 
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element. On p. 408 of the article referred to are given the rates of change 
and the constituents of the cell under specified conditions. For a short 
exposure at 18° C. the changes in the conductivity are made up relatively 
as follows: 


A—B=aqmA =11,200 X _ .054 = 604 

A=B=a:B = 8 X12 = 9.6 
B= C=£6:B = 8X 9 = 0.7 
BC =£8:C = 3.6 X .004 = 0.0 


Thus it appears that we obtain appreciable changes only between the 
A and B components, and of these the direct change constitutes about 
98 per cent. of the total. But for long periods of exposure the amount of 
each of the four changes above noted approaches equality, as A becomes 
less, and B and C become greater. The analysis shows therefore that 
the short exposure gives simple and single changes, while any long 
exposure gives a most complex and varying summation, because the 
amounts of A, B and C are continually changing with time. Maxima 
obtained for long exposure really have very little meaning until we first 
establish what part of the maximum can be sorted out and attributed 
to the direct change from A to B. 

But aside from what has just been said, short exposures should give a 
constant change, because for a short interval the amounts of the 4A, 
B, and C components are approximately fixed, and since the rates of 
change are unvarying under given conditions, the sum of a;A — a2B 
— 6,B + BC should be constant. For any long interval the interchange 
of the components makes the process very complex. 

We therefore decided to map out the sensibility of the selenium for 
equal energy throughout the spectrum, by exposing the selenium for 
only a fraction of a second, using sensibility curves for longer exposure 
merely for comparison. 

There is nothing so far in the theory to indicate why short exposures 
should or should not give sharp maxima. Short exposures however should 
give simple conditions. 


ARRANGEMENT OF APPARATUS AND METHOD OF MEASUREMENT. 


To obtain the sensibility curves, the principle laid down by Pfund! 
was followed. The change of resistance for equal energy was measured 
throughout the visible spectrum. The arrangement of apparatus is 
shown in Fig. 1. Light from a Nernst filament, N, manufactured by 
Pye and Co. for their lamp and scale outfit, is focused by the lens L, on 
the collimating slit S; of a constant deviation monochromatic illuminator, 


1 Phil. Mag., Jan., 1904. 
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manufactured by Spindler and Hoyer. The Nernst glower was main- 
tained at constant intensity by using storage battery for heating current. 
The bundle of quasi-homogeneous rays was then focused on the slit So, 
and from there was focused by means of the concave mirror M, upon 
either the thermopile slit or the selenium cell, as desired. The lenses 
of the monochromatic illuminator were 20 mm., or f/12.7 in diameter, 
and hence with this apparatus, much of the energy is lost. A new 
illuminator of greater light-gathering power has been obtained and will 
be used for future work. The slits S,; and S: were kept of equal width, 
which varied from 0.2 to 1 mm. The length of the slits was one centi- 
meter. 

The thermopile was of the Rubens type, but it was of bismuth-silver 
wires of the improved design of Dr. W. W. Coblentz. It was remarkably 


> 








Fig. 1. 


free from drift and altogether very satisfactory, as used with a Thomson 
galvanometer made by Siemens & Halske. The galvanometer had a 
resistance of 5.4 ohms, and the thermopile had a resistance of 7.4 ohms. 
This combination when a glass cover was in front of the thermopile 
junctions gave a deflection of 300 divisions with a candle at a meter. 
The period was about 5 seconds for this sensibility. By increasing the 
period the sensibility could have been increased several times, easily to 
more than 1,000 divisions per candle per meter.' 

1Since the above test was made we have received a standard carbon incandescent lamp 
from the Bureau of Standards, calibrated for total radiation ina given direction. By means 
of this standard lamp we found the sensibility of the thermopile to be 9.3 X 10~* watts/mm. 
deflection on our scale. It must be remembered that this sensibility was obtained with a 


glass cover over the thermopile. Had this cover been removed, the sensibility would have 
been much greater. 
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A Giltay cell, the one previously studied by one of the authors, was 
used.! It had a resistance of 299,000 ohms in the dark with 4 volts in 
the circuit, or 270,000 ohms with 20 volts. It was connected in a Wheat- 
stone bridge. For the long exposures a potential of 4 volts was left in 
the circuit continuously, but for the exposures of a fraction of a second 
duration the potential was changed to 20 volts. During the experiments 
the temperature did not vary from 24° by as much as one degree. For 
the long exposures a Leeds & Northrup high sensibility galvanometer of 
about 1,000 ohms was used. For the short exposures the method outlined 
by Brown and Clark? was adopted. With this a ballistic galvanometer 
of 22 seconds period was substituted for the above galvanometer. 

We deviated from the procedure outlined by Dr. Pfund in two es- 
sentials. An exposure of a fraction of a second was used, and secondly 
we did not give the cell a special treatment of the nature of preliminary 
exposure before making each observation. Aside from the advantage 
of simplifying the conditions, the short exposure has the advantage in 
that a shorter time is necessary for recovery. We do not believe in the 
special treatment immediately before making an observation, because 
such only exaggerates the complexity, and makes it more difficult to 
define the characteristics of a given sample of selenium. Each distinct 
preliminary treatment should give a corresponding distinct sensibility 
curve, providing only that the special treatment varies either in duration 
or nature of action on the slow rates of change in the selenium. 

The intensity of illumination was varied by a rotating sector disc, Sec, 
and an optical wedge, W, (Fig. 1) either singly or in combination. It was 
very easy by this combination to verify the applicability of Talbot’s 
law. However we did not make as extensive a verification as was made 
by Pfund. 

The total area of the selenium exposed was about 4 mm, which was 
only a little more than a thousandth part of the entire sensitive surface. 
The fact that only such a small portion of the selenium was exposed was 
marked only by an apparent decrease of the sensibility of the selenium 
by a constant value. 

We first obtained a family of sensibility curves with varying energy 
intensity on the selenium using long periods of exposure, 30 sec. In 
general the energy on the thermopile was adjusted to constant deflection 
of the galvanometer (20 div.) or to within five per cent. of this value. 
Then the selenium was exposed to this same bundle of energy. The 
slit width was 0.2 mm. This width gave a very sharp maximum (see 


1 Puys. REV., 33, Pp. 403. 
2 Puys. REV., 33, Pp. 53, IQII. 
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Fig. 2) at 800 wu, a maximum less sharp and much less pronounced at 
690 wy, and a broad maximum extending from 540 uu to 600 up (Fig. 2). 
In obtaining Curve C a different practice was resorted to. First the 
energy from a Nernst glower was measured throughout the spectrum. 
And then to obtain equal energy on the selenium the calibrated sector 
disc openings were adjusted in inverse ratio to the energy in the different 
parts of the spectrum. This method had the advantage of picking out 
the characteristics of the curve quickly and with a small number of 
observations, but it required supplementary readings by the other method 
in some instances in order to obtain higher precision in the relative values 
of adjacent points. The energy intensity which gave curve A was 
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about that of a candle at four meters. The intensity of exposure on 
the selenium was decreased by use of the sector disc by steps, until it 
was diminished to one fortieth of the above value. The curves are shown 
in Fig. 2. 

The points of interest are first that there is a sharp maximum at 
800 yy» which has not hitherto been observed in selenium, and second 
that faint energy will not bring out this maximum. This last point is 
very similar to Pfund’s observation. The vanishing of the maxima with 
faint illumination may be explained in terms of the rates of change 
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existent in selenium. For faint illumination all the rates of change are 
small, particularly are a; and a2 small in comparison with their values 
for intense illumination. This simply means that in a 30-second interval 
with faint illumination there is only time for the A component to be 
transformed into the B component and of the original B component to 
be transformed into the C component, and that of the B component for 
example the excess formed by the light is so small in this time that only 
the original amount need be considered in the formation of the C com- 
ponent. A long exposure to faint illumination tends to approach the 
same simplicity that a short exposure to intense illumination accomplishes. 

We next tested the effect of varying the time of exposure to intense 
light referred to in the theory to see if the maximum would tend to vanish. 
The new duration of exposure was .4 sec. and the slit width was one 
millimeter. The energy beam was focused on the selenium, so that we 
obtained a somewhat greater energy intensity than any which gave the 
curves in Fig. 2. The observations were found to agree with each other 
very well indeed; five observations were taken for each setting of the 
illuminator except one. One division on the scale was usually the 
maximum variation obtained. For the selenium the error was not as 
great as one per cent. However it was not easy to assure the individual 
thermopile readings to a greater accuracy than five per cent. 

The Curve A (Fig. 3) shows the average of the deflections of the ballistic 
galvanometer, 7. e., the change of resistance, between 500 wy and 810 py. 
It is altogether probable that the single point that is off the curve was 
off as a result of error due to insufficient number of thermopile readings. 
By the method that we used it was necessary to diminish the energy 
in order to make observations beyond 500 up. By diminishing the 
energy to 1/20 of the original value the Curve Az was obtained. The 
average of a large number of observations indicated that the inde- 
pendent relationship between wave-length and deflection extended 
back as far as 460 wy. 

The Curves B and C represent the observations for long periods of 
exposure to the same intensity as above mentioned. The ordinates for 
Curves B and C are arbitrary and do not correspond to those for Curve A. 
It is observed that a 60-second exposure (Curve C) makes the maxima 
and minima slightly more pronounced than a 30-second exposure (Curve 
B). Perhaps a difference curve between an exposure curve for a very 
long time and one for a very short time would give a sensibility curve 
arising solely from the slow changes in the selenium. However this has 
not been carefully thought out yet. Observations taken after quickly 
repeated exposures, particularly to longer wave-lengths, tend to smooth 
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out the maxima. Dr. Pfund has had the kindness to communicate 
some very interesting and as yet unpublished results by Mr. P. J. 
Nicholson which are directly in agreement with our result, viz., that the 
slow rates of change arise from light of the longer wave-lengths. His 
results show that the form of sensibility curves is markedly altered by 
varying the wave-length of the preliminary exposure, and that under the 
continued influence of infra-red radiations (800 wx), the usual fatigue 
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A is'for 0.4 second exposure; B is for 30 seconds exposure; C is for 60 seconds exposure. 


and lag almost disappear. The fatigue and lag seem to us merely evi- 
dences of the slow changes in conductivity. 

Having received a more powerful illuminator we are extending our 
work, to find out the limits in which the change of resistance is inde- 
pendent of the wave-length for short exposure, to establish the law of 
change of resistance with intensity, and to compare other varieties 
of selenium and light-sensitive materials. 

It is interesting to note how rapidly the curve falls off beyond 800 pup. 
We are unable to account for a mechanism that would produce a sudden 
jump of this kind. 
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The minima as well as the maxima arise from the longer periods of 
exposure. It may be that minima indicate the normal states for short 
exposure for particular wave-lengths, which means that spurious maxima 
arise from slow changes. 


SUMMARY. 


1. The sensibility curve for a Giltay cell has been determined under 
varying conditions. 

2. In accordance with theory it has been shown that long periods of 
exposure give varying degrees of complexity, and are responsible for 
the regions of maximum sensibility. 

3. By long periods of exposure a new maximum is obtained at 800 wu. 

4. By exposures of a fraction of a second the maxima and minima 
vanish and between about 460 wu and 790 wy the change of resistance is 
independent of the wave-length. 

5. The work thus far accomplished emphasizes the importance of 
defining simple conditions for obtaining the maxima of such a complex 
acting agent as selenium. 

6. The maxima and also the minima in the Giltay cell studied arise 
from the slow rates of change. 

7. Aselenium cell of this type by virtue of the independence of wave- 
length for short periods of exposure promises to be the most delicate 
instrument constructed for measuring energy within the range noted. 


THE PHYSICAL LABORATORY, 
THE UNIVERSITY OF IOWA. 
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ON THE NATURE OF THE VOLTA EFFECT; A REPLY. 


By FERNANDO SANFORD. 


N the July number of this journal Mr. Albert E. Hennings! under- 
takes to show that the results of an experiment as published by the 
present writer were spurious. Mr. Hennings bases this charge upon the 
results of some experiments which he claims ‘‘reproduce the essential 
elements of the experiment described by Sanford.” In this claim Mr. 
Hennings is seriously mistaken, as his experiments reproduce none of 
the essential elements of the experiment described by me.? The experi- 
ment which Mr. Hennings undertook to reproduce in a more satisfactory 
manner was performed by lowering an insulated zinc ball into a hollow 
conductor until it touched the bottom, then withdrawing it and measuring 
the contact charge taken by the ball from the inside of the hollow con- 
ductor or from a disc of another metal resting upon its bottom. The 
conclusions drawn from the experiment were based upon the assumption 
that the metal disc inside the hollow conductor was effectually screened 
from all outside induction. Mr. Hennings criticized the validity of my 
conclusions because he thought the metal disc and ball were not screened 
from the inductive effects of a hypothetical charge on the silk thread 
by which the ball was insulated. 

Mr. Hennings’s reproduction of the essential elements of this experi- 
ment consists in insulating a metal beaker, then lowering an uninsulated 
steel ball into it by means of a long conductor connected to earth, with- 
drawing the long conductor and ball and measuring the contact charge 
left upon the then insulated beaker. 

This arrangement of a metallic beaker connected to earth by a long, 
uninsulated conductor standing up inside it can be called a hollow con- 
ductor only by courtesy, and seems to be especially adapted to eliminating 
all the properties for which hollow conductors have heretofore been used. 
The outside of a hollow conductor has been defined as the surface most 
exposed to the induction of surrounding charges. If this definition be 
adopted, Mr. Hennings has succeeded in introducing the outside of his 
hollow conductor into the inside of his beaker. It is at least certain that 


1 ‘Nature of the Volta Effect,”” Puys. REv., Ser. II., Vol. I., p. 1. 
2‘*On The Nature of the Volta Effect,’’ Pays. REv., XXXV., 484 (1912). 
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no experiments in which the shielding properties of a hollow conductor 
were involved could be performed with such a device as the one invented 
by Mr. Hennings. 

The remainder of Mr. Hennings’s paper contains nothing touching 
in any way upon the validity of the conclusions drawn from my experi- 
ment. In fact, he finally comes to the same conclusion as to the nature 
of the Volta effect that is stated at the end of my paper. I state asa 
result of what I conceive to be the teachings of my experiment that 
‘Apparently the Volta effect is not due to any electrolytic action between 
the opposed metals, but different metals when in contact with the earth 
or with the inside of the same hollow conductor may be at different 
potentials relative to each other.’’ Mr. Hennings says, ‘‘The surfaces 
of conductors which have been discharged to earth act just as though they 
were definitely and characteristically charged.”’ 


STANFORD UNIVERSITY, 
September 12, 1913 
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THE MAGNETIC SUSCEPTIBILITY OF GASES.! 
By W. P. Roop. 


1. The explanation of the magnetic properties of substances in terms 
of electronic motions is the objective point of the physical theory of 
magnetic phenomena. Recent work has been done in developing a 
theory of ferro-magnetic phenomena by Weiss and in investigating the 
magnetic properties of organic compounds by Pascal. In each of these 
cases, however, the results have been useful principally as determining 
susceptibility as a function of structural relations rather than as a 
fundamental property of matter. On the other hand, the theory of 
Langevin and the magneton hypothesis of Weiss,? supported by work at 
low temperatures in the Leiden laboratory, look toward a more general 
theory of magnetism, so that magnetic phenomena may be expected 
eventually to occupy a place in the electro-magnetisches Weltbild of 
Abraham. 

It is unfortunate, however, that experimental work has been of necessity 
almost entirely limited to investigations of the magnetic properties of 
solids, liquids, and solutions. For it is only in gases that the molecule 
is sufficiently free from the disturbing influences of its neighbors so that 
a direct study of molecular properties, as distinguished from structural 
properties, becomes possible. 

2. The study of the magnetic properties of gases is difficult on account 
of the extreme smallness of the quantities to be measured. This dif- 
ficulty becomes apparent in the large differences between results obtained 
by different observers. Oxygen is the only gas whose susceptibility 
has been measured with sufficient accuracy to justify a comparison of 
results. Data are also available for air and NO, but the behavior of 
these is due to the oxygen content. With other gases, there is no agree- 
ment, even as to sign. A partial summary of values for the suscepti- 
bility of oxygen is given on the following page. 

3. Before systematic study of the magnetic properties of gases can be 
expected to yield valid results, a method must be devised which shall be 

1A preliminary report of work conducted under a grant from the Rumford fund of the 
American Academy of Arts and Sciences. 


2 For a summary of the work of Langevin and Weiss, with references to the papers of the 
others, see Phys. Ztschrft., 12, 935, I9II. 
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SERIEs. 
Observer. Mean Value. ia Mean Error. | 4 Reference. —— aa 
—| Cece ee 
Quincke....| .156 x 107% 4.5 per cent. Ann. d. Ph., 34, 401, 1888. 
Secs SEE §  Bévrwewrarsarsewars } Ann. d. Ph., 35, 137, 1888. 
Hennig..... .120 1.6 per cent. Ann. d. Ph., 50, 485, 1893. 
ee .167 3.5 per cent. | | Ann. Ch. Ph., 5, 289, 1895. 
 rrre 27 5 per cent. Phys. Ztschrft., 12, 48, 1911. 
Piccard.....| .1407 0.1 per cent. Arch. des Sciences, 35, 480, 1913. 








sensitive enough to be used with other gases than oxygen, and which 
shall give consistent results with oxygen. A suggestion is given by 














Drude. A manometer consisting of a closed tube containing two 
fluids (see Fig. 1) becomes very sensitive if the 
fluids have a small density difference. For ordinary 

= purposes, such a manometer could not be used, since 

y.*a, there would be no way of connecting it with the 
i ay, pressure to be measured. But if one of the bounding 
. surfaces be placed in a magnetic field, the surface is 
y-%, displaced into a new equilibrium position such that 
= the hydrostatic pressure due to the displacement is 
a, balanced by the pressure due to the magnetic field. 
Fie. 1. The pressure on the bounding surfaces tending to 


restore them to their equilibrium positions, for a dis- 
placement d, is dg(p — po), where p and po are the respective densities 
of the fluids. Since there are two such surfaces, each of which is dis- 
placed by the same amount, the total pressure tending to restore equi- 
librium is 2dg(p — po). The magnetic pressure tending to disturb the 
hydrostatic equilibrium is (x — xo)/2-H?, where «x and xo are the respective 
susceptibilities of the two fluids. EEquating these pressures, and solving, 
4de(p — po) 
F?? , 
In case the magnetic field intensity H at the other bounding surface is 
not negligible, this becomes 


K— Ko = 


a 4dg(p — po) 
H? — HH? 

4. Now at the boundary between two gases, there is, of course, no 
sharp discontinuity. The suggestion of Drude, that a film of liquid be 
used to separate the gases, seems impracticable. It is possible, however, 
to carry out the experiment in such a way that the gases only remain in 
contact with each other for such a short time that diffusion introduces 
no serious errors. 


1 Physik des Aethers, Ist ed., p. 148. 
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Consider the effect of diffusion on a boundary initially sharp. In a 
straight tube, of uniform bore, the diffusion will be symmetrical, so that 
the section of the gas column originally constituting the boundary remains 
the section at which the concentrations of the two gases are equal. In 
what follows we will designate this section as the boundary. On one side 
the concentration of one gas, and on the other side the concentration of 
the other gas, will drop off more or less gradually to zero. Let Y be 
the coérdinate parallel to the axis of the tube. Suppose that the diffusion 
at a given time ¢ has made the mixture of the gases appreciable to a 
distance a; on one side and az on the other side of the boundary at yo. 
The density and susceptibility will vary continuously from y = yo — a 
to y = Yo +t &. 

On account of the symmetry of the manometer the hydrostatic force 
caused by the bodily displacement of both gases, together with the region 
within which diffusion has occurred, up d cm. on one side, and down the 
same distance on the other, will be the same as if the boundaries were 
true discontinuities, provided that the diffusion results in the same dis- 
tribution of gas on one side as on the other, and does not extend beyond 
the straight parts of the tube. 

As regards the magnetic forces, consider the region between yo — a 
and yo + az to be filled with layers of gas mixture of uniform composition 
enclosed between cross-sections of the tube at intervals of Ay, differing 
from each other in composition and susceptibility by differential in- 
crements. Denote the concentration of one of the gases at point y 
by c,. That of the other is then 1 — c,. If susceptibility is an additive 
function in mixtures, the susceptibility of the mixture at y is x°C, 
+ xo(1 — cy). The susceptibility difference between two neighboring 
layers is therefore (x — xo)Ac,. The magnetic pressure now becomes 


K— 2 dc, 
"ae H? - —dy. 
Yorn dy 


Or, if the limits of integration lie within the region over which H has a 
sensibly uniform value, we have 


.? & "ee, 
rf qy 2" 


~ Yo-® 


Since the integral gives the concentration difference between the points 
y + a2 and y — aj, which is unity, the expression for magnetic pressure 
. reduces to that previously given. The conditions, therefore, under which 
the simple expression for susceptibility is unchanged by diffusion are 
these: 
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(1) Diffusion same on two sides of manometer. 
(2) Diffusion limited to straight part of tubes. 
(3) Diffusion limited to uniform part of field. 
(4) Susceptibility of mixtures additive. 

5. Of these conditions, (3) is the most questionable. We may de- 
termine approximately the extent to which it is met in the following way. 
Consider the diffusion in a closed tube of bore negligible relative to the 
dimensions of the manometer. In such a tube it seems justifiable to 
assume that diffusion proceeds in such a way as not to disturb the 
uniformity of concentration in any right section of the tube, so that the 
concentration gradient remains everywhere parallel to the axis of the 
tube. Let s be the codrdinate measured along this axis. The diffusion 
proceeds subject to the condition 

Oc 0°c 


a Pas” 





c being concentration of one of the gases, and & the diffusion constant. 

Suppose the tube to be half filled with each of two different gases in 
such a way that the two boundaries separating the two gases are initially 
sharp. Consider the origin of the codrdinate s to be located half-way 
between the two boundaries. The initial distribution may then be 
described as follows: 

When # = o, 

c=fo(s) =o where —]l<s< 77 

y 
“t 


l 
I where a i die Bl 


l 
Oo where + <e< tt 


Here 2/ is the entire length of the manometer tube, measured along its 
axis. Further, for all values of ¢, at the boundaries, where 


The Fourier series! 
" — :i— t nT 
c=qt rpnre cos $ 
satisfies all conditions if 


os 





1Cf. H. A. Lorentz, Differential- u. Integralrechnung. 
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and 
1 fr n3 
Pr=7F f fo(s) cos —— sds 
lL Js l 
= 2 : 
= (—1) * -— when 2 is odd, 
nr 
or 
= © when 7 is even. 


Since the conditions named, viz., the boundary conditions, the initial 
conditions, and the condition expressed by the differential equation, 
determine physically the progress of the diffusion, and since the function 
represented by the Fourier series satisfies all these conditions, this 
function must give the true relation existing between the concentration, 
time, and distribution along coérdinate s. Thus we may determine the 
extent to which diffusion has caused a failure to meet condition (3) at 
any time /. 

6. The method has been tested by the use of a simple apparatus of the 
form shown in the diagram. The essential part of the apparatus, the 
gas manometer, is contained between the two 
three-way cocks, A and B. One arm of the 
manometer is placed between the poles of a 
Weiss electro-magnet,! with 1ocm.cores. The = 
other arm is at a distance of 3 cm. from the “ 
edge of the cylindrical pole-pieces. One side ” 


of the manometer is filled with air, the other KOH_{ 

with COz. On'‘turning the cocks A and B so 

as to connect the two sides of the manometer M 
Hg 











with each other, the heavier gas settles and 
fills each side of the manometer in the lower 
half only, while the upper half of each side is 
occupied by the lighter gas. If now this 
process is repeated with the magnet acting on 
the gases on one side, a different position of 
equilibrium is reached. Thedistance between * Fig. 2. 

these two equilibrium positions is d. It is 

determined by forcing the gas out of each side separately into a gas 
burette by lifting the mercury reservoir, and measuring the volume of 
air, after having absorbed the CO: in the KOH solution with which the 
burette is filled and operated. The difference between the volume of 
unabsorbed gas obtained without the field and that obtained with it, 
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1A solenoid cannot be used, both on account of temperature disturbances, and because a 
manometer of excessively large cross-section would be necessary. 
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divided by the cross section of the manometer tube, gives d. To cal- 
culate d, however, it is only necessary to observe the difference in the 
burette readings in the two cases, and divide by the ratio of the cross- 
sectional areas of manometer and burette tubes. 

7. The total length 2/ of the manometer was 50 cm. _ The internal 
diameter of the manometer tubes was about 4.5 mm., that of the bore 
of the cocks being 3mm. _ The ratio of cross-sectional areas of manometer 
and burette tubes was found by mercury weighings to be 11.3. It was 
found to require about 7 seconds after opening the cocks for the boundaries 
to reach their equilibrium positions. One cock was in each case opened 
for that length of time, the other, however, was necessarily open a little 
longer. 

The field was determined by means of a bismuth spiral, using the cali- 
bration curve furnished by the makers and correcting for the difference 
(4°) between the temperature of the calibration and that at which the 
measurements were made. The current necessary was only 2 amperes 
(capacity of the magnet 20), and the corrected field intensity was 6,220 
gausses. - The intensity at the other manometer arm, Ho, was 750 
gausses. Whence H? — H,? = 38.2 X 10°. 

The mean of six observations of burette reading difference is 4.8 cm., 
whence d = .425 cm. This figure leads to the value of 0.030 X 107 
for the susceptibility difference between air and COs, and to this cor- 
responds a value for the susceptibility of oxygen of 0.144 X 10~*, that of 
CO, being negligibly small. 

By substituting the numerical values for the diffusion constant 
(0.142 C.G.S.) and the dimensions of the apparatus in the equation 
obtained in paragraph 5, we find that at the end of 7 seconds the air at a 
distance of 5 cm. from the boundary contains 7 per cent. of CO... Doubt- 
less the diffusion somewhat exceeds the calculated amount, on account 
of the motion of the boundaries from the cocks to their equilibrium 
positions. Nevertheless the error due to neglecting diffusion altogether 
must be small, as the result is close to the average of previously obtained 
values. 


SUMMARY. 


A new method for determining gas susceptibility is developed which 
far exceeds previous methods in sensitiveness. 
An illustrative set of data taken with air and CO, leads to the value for 
oxygen of 
k = 0.144 X I07*. 
CORNELL UNIVERSITY, 
July, 1913. 
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INCREASING SECONDARY CURRENT.! 


By F. J. ROGErRs. 


stumbled upon conditions in which the reverse is true. 


but accompanied by a decrease of the primary current. 


circuits. This was done in the following manner: 


E.M.F. equations for the two circuits are 


di P di 

Ecoswt = Lz + Riv —_ M—, 
dio diy 

O= Ina, + Rh - MT. 


18, 1913. 


























CONDITIONS INVOLVING A DECREASE OF PRIMARY CURRENT WITH 


NDER all ordinary conditions prevailing in practice an increase of the 
secondary current in a transformer or induction coil is accompanied 
by an increase in the primary current. Recently the writer accidentally 


A purely experimental investigation showed that the conditions favoring 
this surprising result were as follows: (1) Small mass of copper in the secondary 
circuit. (2) High resistance in the primary circuit. (3) Low permeability of 
the magnetic circuit. When these conditions prevailed in sufficient degree, 
the secondary could be short-circuited causing a powerful secondary current . 


By the well-known methods of alternating currents an equation was derived 
representing the primary current in terms of the impressed E.M.F., the 
frequency, and the resistances and inductances of the primary and secondary 


Assuming that the impressed E.M.F. in the primary circuit is E cos wt, the 


Eliminating the secondary current between these two differential equations 
and assuming that the primary current is i = J cos (wt — @) gives a single 
equation. This equation can be broken up into two by expanding cos (wt — 6), 
collecting the coefficients of sinwt and coswt, and equating each of these 
coefficients to zero. @ may be eliminated between these two equations thus 
giving the desired result. If reactances be substituted instead of inductances 


1 Abstract of a paper presented at the New York meeting of the Physical Society, October 











SEco; 
504 THE AMERICAN PHYSICAL SOCIETY. fenene 


the equation thus desired, when expressed in its simplest form, becomes: 


EY R? 4 + x? xt 


~ A (Rix + Rox)? + [Ri Re = “(axe = — x2")? 
I is the primary current and the other symbols have their usual signification, 
except x12 which stands for 27m M and may be called mutual reactance. When 
the resistance of the secondary is infinite the above equation reduces to 


se 
YR? + x; , 





Multiplying both terms of the fraction by “R2 + x22 and simplifying by 
introducing impedences, our two equations become 
A (2120)? + x(x? + 2Ri Re — 2x1%2) 





[= 





Now it is obvious that the current J for a short circuit of the secondary will © 
be less than I’ if 
X12" + 2R, Re — 2x\X2 > O. 
In order to verify the formula experimentally a coil was constructed with a 
primary winding of 1,600 turns of No. 16 and a secondary winding of 200 turns 
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Primary Resistance 


Fig. 1. 


of the same wire. All the constants of this coil were carefully measured. Then 
a rheostat with known resistances was connected in series with the primary and 
the primary current was measured both for the secondary open and short- 
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circuited. These currents are plotted against the primary resistances in Fig. 1. 
With the aid of the constants of the coil (also given in the plot) the primary 
current was computed for each resistance used, according to the equation 
derived above. In all cases the difference between observed and computed 
results were within the errors of observation. 

After this work had been entirely completed Dr. Bedell kindly called my 
attention to a paper by E. C. Rimington, Phil. Mag., Vol. 37, p. 394, in which 
a theoretical treatment of the air core transformer led to a formula equivalent 
to the one derived above. In a later paper by Bedell, Phil. Mag., Vol. 42, 
p. 300, a graphical method for studying the increase and decrease of primary 
impedance when secondary is closed is indicated. 


RELATIVITY THEORY; GENERAL DYNAMICAL PRINCIPLES.! 
By RicHarp C. TOLMAN. 


HE Einstein theory of relativity has necessitated a revision of the classical 
Newtonian mechanics. Some of the consequences have already been 
presented? of a system of mechanics which is based on Newton's three laws of 
motion,® the principle of the conservation of mass, and the Einstein trans- 
formation equations for coérdinate systems in relative motion. In the article 
of which this presents an abstract, the writer has derived for a system of 
particles the important principles of the conservation of momentum and of 
the conservation of moment of momentum. A further principle has been 
derived corresponding to that of least action which applies in ordinary me- 
chanics, and this leads to generalized equations of motion in the Lagrangian 
and Hamiltonian (canonical) forms. We find, however, that the Lagrangian 
function is not to be taken as equal to the difference between the kinetic and 
potential energies of the system as in the classical mechanics, and the gen. 
eralized momenta used in the modified Hamiltonian equations are not to be 
defined as the partial differential of the. kinetic energy with respect to the 
generalized velocities as in the older mechanics. In non-Newtonian mechanics 
the Lagrangian function becomes L = T — U, where U is the potential energy 
of the system and the function T = 2me?(1 — vi — q/c?), where mp is the 
mass of a particle at rest, g its velocity, c the velocity of light, and the sum- 
mation 2 extends over all the particles of the system. The generalized mo- 
menta yi, 2, etc., to be used in the Hamiltonian equation of motion are defined 
in non-Newtonian mechanics by the equations y = 0T/dgi, v2 = OT/Od2, 
etc., where gi, $2, etc., are the generalized velocities. 
It is hoped that this presentation of the principle of least action and its 
1 Abstract presented at the New York meeting of the Physical Society, October 18, 1913. 
2 Lewis and Tolman, Phil. Mag., XVII., p. 510 (1909); Tolman, Phil. Mag., XXI., p. 206 
(1911); XXII., p. 458 (1911); XXIII., p. 375 (1912); XXV., p. 150 (1913). 
In interpreting the laws of motion we must define force in Newton's original form as 
equal to the rate of change of momentum instead of in the later form as mass times accelera- 


tion, since the two definitions are not identical when the mass changes with the velocity as it 
does according to the theory of relativity. 
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consequences, in the modified form necessitated by the principle of relativity, 
will assist in that careful scrutiny which now has to be given to all the results 
of the older classical mechanics. In the present article the use of the gener- 
alized equations has been illustrated by the derivation of a principle corre- 
sponding to that of vis-viva in ordinary mechanics. In a following article 
the ideas here developed will be used in a consideration of the important 
problem of the equi-partition of energy. 

This derivation of the principle of least action from the laws of motion is 
also of particular interest, since writers on relativity! have made considerable 
use of the principle in the fields of pure dynamics, electromagnetics, and 
thermodynamics, without presenting any derivation in the only field—that 
of pure dynamics—where such can be obtained. 


RELATIVITY THEORY; THE EQUIPARTITION LAW IN A SYSTEM OF PARTICLEs.? 
By RicHarD C. TOLMAN. 


HE principle of relativity necessitates a revision of the kinetic theory of 
gases. For an ideal gas containing monatomic molecules, all of which 
have the same mass, a modified form of the Maxwell distribution law for the 
momenta of the molecules has already been derived by Jiittner.* In the 
article, of which this presents an abstract, the writer has considered systems 
containing particles of different masses, and derived also for this case a law 
for the distribution of momenta. From this distribution law it is shown 
that the average value of mov?/ V1 — v? is the same for particles of all different 
masses.* 

This equipartition of (mov?/ v1 — 0) ay. is found true not only for a mixture 
of particles of different masses, but also for systems of particles which are 
separated by a partition that allows transfer of energy. Hence the equality 
of the average values of this quantity becomes the relativity condition for 
thermal equilibrium. Furthermore, it is shown that (mov?/ vi — v*)ay, is 
proportional to the absolute temperature as measured on the thermodynamic 
scale, and hence we see that in all such considerations this new quantity 





satisfies the same relations as the vis-viva mov? in Newtonian mechanics, and 
indeed reduces to that quantity when the velocities are small compared with 
that of light. 

We note immediately, however, that the quantity mpov?/ Vi — 2 is neither the 
relativity expression for the total energy of a particle mo V1 — v nor for the 
kinetic energy (mo/ V1 — 2?) — mo) and hence in relativity mechanics there can 
be no possibility of an exact equipartition of energy. Finally, the writer presents 
a partial consideration of the actual partition of energy attained at equilibrium. 





1 Planck, Ann. d. Physik, XXVI., p. 1 (1908); Herglotz, Ann. d. Physik, XXXVI., p. 493 
(1911); de Wisniewski, Ann. d. Physik, XL., p. 668 (1913). 
2 Abstract presented at the New York meeting of the Physical Society, October 18, 1913. 
3 Jiittner, Ann. d. Physik, XXXIV., 856 (1911). 
4v is the ratio of the velocity of the particle to the velocity of light. 
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SHARP, CLAYTON H. (12) Test Officer, Electrical Testing Laboratories; 
8oth St. and East End Ave., New York City. 

SHEA, DANIEL WILLIAM. (4) Professor of Physics, The Catholic University 
of America, Washington, D. C. 
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SPENCE, BARTHOLOMEW J. (39) Princeton Univ., Princeton, N. J. 
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TATNALL, ROBERT R. (20) Associate Professor of Physics, Northwestern 
University; 624 Lincoln St., Evanston, IIl. 

TAYLor, ALBERT Hoyt. (30) Professor of Physics and Head of Department; 
1415 Boulevard Ave., Grand Forks, N. D. 
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TOLMAN, RIcHARD C. (54) Univ. of Cal., Berkeley, Cal. 

Toot, A. Q. (53) R. R. 3, Monroe, Ia. 
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} LIST OF MEMBERS. 521 


Woop, R. W. (7) Professor of Physics, Johns Hopkins University, Balti- 
more, Md. 
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CaswELL, A. E. (46) 282 Ninth Ave., East., Eugene, Oregon. 
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Coons, C. D. (46) Assistant Professor of Physics, Denison University, 
Granville, Ohio. 

CoorpER, FRANK LAWRENCE. (31) Instructor in Physics, 802 Yale Station, 
New Haven, Conn. 
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SEco: 
524 THE AMERICAN PHYSICAL SOCIETY. yy 
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FrickEy, R. E. (50) Elec. Engineer, Northern California Power Co., 
Cons., Noble Elec. Steel Co., Redding, Cal. 

Fry, Howarp M. (60) Luzerne Co., Drifton, Pa. 
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GODDARD, ROBERT H. (49) 5 Bishop Ave., Worcester, Mass. 

GopFREY, WILLIAME. (40) Professor of Physics, Mercer University, Macon, 
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GoLpBERG, M. (67) 576 W. Fourth St., Dayton, O. 

Goopwin, W. N., Jr. (31) Chief Electrical Engineer, Weston Electrical 
Instrument Co., Waverly Park, N. J. 

GOUCHER, FREDERICK S. (62) Livingston Hall, Columbia University, New 
York City. 

Gowpy, RoBERT CLYDE. (46) Instructor in Physics, Department of Physics, 
Lehigh University, South Bethlehem, Pa. 

GRANTHAM, G. E. (67) Inst. Physics, Purdue Univ., Lafayette, Ind. . 

GREENE, CLARENCE WILSON. (55) Professor of Physics, Albion College, 
Albion, Michigan. 

GREENLAW, FRANK M. (38) Head of Science Department, Rogers High 
School; 29 Mann Ave., Newport, R. I. 

GriFFIN, H. G. (65) Bureau of Standards, Washington, D. C. 

GRONDAHL, L. O. (36) Carnegie Inst. of Technology, Pittsburgh, Pa. 

GURNEY, LAWRENCE E. (35) University of Idaho, Moscow, Idaho. 

Hake, J. W. (65) Northwestern Univ., Evanston, IIl. 

Hae, C. F. (67) Albany State College, Albany, N. Y. 

HALEy, Francis R. (57) Professor of Physics, Acadia College, Wolfville, 
Nova Scotia. 


Ham, FRANK W. (52) State College of Agriculture, Bozeman, Mont. 
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Ham, WILLIAM R. (31) Professor of Physics, Pennsylvania State College; 
State College, Pennsylvania. 

Harkins, M. R. (60) Instructor in Physics, University of Pennsylvania, 
Philadelphia, Pa. 

HarPER, D. Roperts, 3d. (31) Assistant Physicist, Bureau of Standards, 
Washington, D. C. 

HARTMANN, F. M. (31) Professor of Electrical and Mechanical Engineering, 
Cooper Union, New York. 

HARVEY, FREDERIC A. (31) Assistant Professor of Physics, Steele Hall of 
Physics; Syracuse University, Syracuse, N. Y. 

HASEMAN, W. P. (31) Univ. of Oklahoma, Norman, Oklahoma. 

Heaps, CLAUDE W. (54) 13 Allen PI., Columbia, Mo. 

Heit, H. G. (31) Instructor in Physics, Ohio State University, Columbus, 
Ohio. ; 

HENDERSON, W. D. (35) University of Michigan; 1001 Forest Ave., Ann 
Arbor, Mich. 

HENDREN, LINVILLE L. (37) Professor of Physics, University of Georgia, 
Athens, Ga. 

HERSBERG, WALTER F. (68) Electrician; 160 E. Ontario St., Chicago, III. 

HiTcHcock, GEORGE G. (27) Professor of Physics, Pomona College, Clare- 
mont, California. 

Hosss, G. M. (30) Secretary American School of Correspondence; 58th 
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HopGE, Percy. (30) Professor of Physics, Stevens Inst. of Technology, 
Hoboken, N. J. 

Hopcman, C. D. (46) Instructor in Physics, Case School of Applied Science, 
Cleveland, Ohio. 

HoOLLNAGEL, HERBERT P. (38) Mass. Inst. Technology,; 186 Hamilton St. 
Dorchester, Mass. 

HoRNBEAK, JOHN W. (60) 510 E. 5th St., Northfield, Minn. 

Howe, HarLeEy E. (40) Randolph-Macon College, Ashland, Va. 

Hoyt, JoHN E. (31) 5442 Pine St., Philadelphia, Pa. 

Hutt, ALBERT W. (49) Instructor in Physics, Worcester Polytechnic Insti- 
tute, Worcester, Mass. 

Huser, Cuas. L.. (67) Y.M.C.A., Buffalo, N. Y. 

HuFrorp, Mason E. (67) 6032 Kimbark Ave., Chicago, III. 

Huntincton, W. C. (49) University of Colorado, Boulder, Colorado. 

Hurvpurt, E. O. (68) Assistant Physicist, Johns Hopkins University, 
Baltimore, Md. 

Irvin, OscaR W. (66) Toledo Univ., Toledo, Ohio. 

IrnvinG, THomaAs P. (49) Professor of Physics, University of Notre Dame, 
Notre Dame, Ind. 

JOHANNSSON, JOHANN G. (65) Poplar Park, via East Selkirk, Manitoba, 

Canada. 
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JouNson, ELBE H. (59) Instructor in Physics, University of Wisconsin, 
Madison, Wis. 

Jones, ARTHUR TABER. (31) Iowa State College, Ames, Iowa. 

Jones, Ltoyp. (68) 3 Kodak Park, Rochester, N. Y. 

Jones, O. H. (65) Northwestern University, Evanston, III. 

KARRER, ENocH. (62) Johns Hopkins University, Baltimore, Md. 

KARRER, SEBASTIAN. (62) 4711 10th Ave., N. E., Seattle, Wash. 

KEEBLE, WILLIAM H. (43) 5556 Ellis Ave., Chicago, III. 

KEMBLE, EDWIN CRAWFORD. (51) 66 College House, Howard Sq., Cam- 
bridge, Mass. 

KENDELL, BURTON W. (51) Care of Weston Elec. Co., 463 West St., New 
York City. 

KERSHNER, JEFFERSON E. (37) Professor of Mathematics and Physics in 
Franklin and Marshall College, also Consulting Engineer; 445 W. Chest- 
nut St., Lancaster, Pa. 

Keyes, F. G. (44) Instructor in Theoretical Chemistry, Mass. Institute of 
Technology, Boston, Mass. , 

Kitsy, C. M. (36) Professor of Physics and Astronomy, College Park P. O., 
Lynchburg, Va. 

KNOLL, LLoyp Monroe. (54) Instructor in Physics, Central High School; 
3262 Chestnut St., Philadelphia, Pa. 

KNOWLTON, A. A. (51) Associate Professor Physics, University of Utah, 
Salt Lake City, Utah. 

KNOWLTON, A. E. (51) Trinity College, Hartford, Conn. 

KouyoumjiANn, H. K. (39) Consulting Engineer; 701 Commercial Building, 
Cleveland, Ohio. 

KUEHNE, J. M. (35) Adjunct Professor of Physics, University of Texas; 716 
West 23rd St., Austin, Texas. 

LakE, C. H. (49) Prin., Central High School, Hamilton, Ohio. 

LANGFORD, GRACE. (57) Instructor in Physics, Barnard College, Columbia 
University, New York City. 

LANGMUIR, IRVING. (6) Research Chemist, General Elec. Co., Schenectady, 

oa 

Lawton, Etuis E. (37) Elec. Eng. Dept., Syracuse University, Syracuse, 
_ i # 

Lege, CLAupius. (39) Associate Professor of Electrical Engineering, Virginia 
Polytechnic Institute, Blacksburg, Va. 

LEE, JoHN YIUBONG. (44) Assistant in Physics, Ryerson Physical Labora- 
tory, University of Chicago, Chicago, III. 

Lemon, Harvey B. (44) Instructor in Physics, Ryerson Physical Labora- 
tory, University of Chicago, Chicago, IIl. 

LePaGE, Pror. C. B. (49) Associate Professor of Physics, Stevens Institute 
of Technology, Hoboken, N. J.; Home, Stanford, Conn. ¥ 

LesTER, Horace H. (62) 190 Nassau St., Princeton, N. J. 
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LESTER, OLIVER C. (31) Professor of Physics, University of Colorado; 1121 
Eleventh St., Boulder, Colo. 

LotKA, ALFRED J. (52) Editor of the Scientific American Supplement; 361 
Broadway, New York City. 

LovING, ROBERT EDWARD. (31) Professor of Physics, Richmond College, 
Richmond, Virginia. 

LuckiEsH, M. (60) Asst. Physicist, Physical Laboratory, National Electric 
Lamp Association; Box 387, 4503 Hough Ave., Cleveland, Ohio. 

McCautey, G. V. (55) Instructor in Physics, Northwestern University; 
1029 Ayres Place, Evanston, III. 
McDowELL, LovuIsE SHERWOOD. (48) Associate Professor of Physics, 
Wellesley College; The Ridgeway, Wellesley, Mass. : 
McEWEN, GEORGE FRANCIS. (46) Instructor in Mathematics, University 
of Illinois; Hydrographer for the San Diego Marine Biological Association; 
809 W. Nevada St., Urbana, Illinois. 

McGouGan, ALEXANDER G. (62) 700 Yale Station, New Haven, Conn. 

MacNutt, Barry. (31) Associate Professor of Physics, Department of 
Physics, Lehigh University, South Bethlehem, Pa. 

MACKENZIE, DONALD. (43) Johns Hopkins University, Baltimore, Md. 

MalLey, R. D. (34) Research Laboratory Physical Chemistry, Mass. Inst. 
Tech.; 25 Hawthorne St., Lynn, Mass. 

MaILLoux, C.O. (31) 76 William St., New York City. 

MANNING, Dr. GEORGE L. (30) Professor of Physics, Robert College, 
Constantinople, Turkey, via England, open mail. 

MARVIN, HENRY H. (51) 59 W. Adams St., Tufts College, Mass. 

Masius, Morton. Instructor in Physics, Worcester Polytechnic Institute, 
Worcester, Mass. 

MAYER, EpwiInC. (59) Instructor in Physics, Cornell University, Ithaca, N. Y. 

MELLENCAMP, F. J. (49) 568 Frederick Ave., Milwaukee, Wis. 

MESERVEY, ARTHUR BonpD. (61) Instructor in Physics, Dartmouth College, 
Hanover, N. H. 

MetcaLr, W. V. (65) Fisk Univ., Nashville, Tenn. 

MEYER, CHARLES F. (49) Washington University, St. Louis, Mo. 

MEYER, J. FRANKLIN. (23) Associate Physicist, Bureau of Standards, 
Washington, D. C. 

Miter, A. H. (60) 230 Frank St., Ottawa, Canada. 

MILLAR, PRESTON E. (66) Elec. Testing Laboratory, 80th & East End Ave., 
New York City. 

Miter, E.R. (67) Local Forecaster, U.S. Weather Bureau, Madison ,Wis. 

Mo.sy, Fred A. (49) 907 Atwater Ave., Bloomington, Ind. 

Moopy, H. H. (67) Williamstown, Mass. 

Moon, CHARLES. (67) Ithaca, N. Y. 

Moore, Epwarp J. (50) Associate Professor of Physics, 226 Woodland Ave., 
Oberlin, O. 

Morrison, Epwin. (66) Earlham College, Richmond, Ind. 
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MurDock, CARLETON C. (49) Instructor in Physics, Cornell University, 
Ithaca, N. Y. 

NASMYTH, GEORGE W, (43) 1131 Mass. Ave., Cambridge, Mass. 

NELMs, W.S. (54) Georgia School of Technology, Atlanta, Ga. 

NicHoLts, HAROLD W. (44) Instructor in Electrical Engineering, Armour 
Institute of Technology, Chicago, III. 

NICHOLSON, P. J. (60) Antigonish, Nova Scotia, Canada. 

NorRMAN, K. A. (67) 9 Portland St., Lynn, Mass. 

Nusim, M. T. (54) Assistant Engineer, Turbine Department, General 
Electric Co., Lynn, Mass. 

NYSWANDER, R. E. (62) Professor of Physics, University of Denver, 
University Park, Colo. 

OLMSTEAD, LEwis B. (61) Laboratory Assistant in Physics, Bureau of 
Standards, Washington, D. C. 

ORANGE, J. A. (67) Gen. Elec. Co., Schenectady, N. Y. 

OsBORN, FREDERICK A. (35) Professor of Physics, University of Washington, 
Seattle, Wash. 

PaGE, LEIGH. (62) 103 Brownell St., New Haven, Conn. 

PALMER, FREDERIC, JR. (54) Haverford College, Haverford, Pa. 

PALMER, IRVING O. (34) Prin., The Newton Tech. High School; 46 Otis St., 
Newtonville, Mass. 

PARTRIDGE, EDwARD A. (54) Professor of Physics, W. Philadelphia High 
School, Philadelphia, Pa. 

PARMLY, CHARLES H. (43) Associate Professor of Physics, The College of 
the City of New York, New York City. 

PATTERSON, ROBERT A. (62) Bristol, Conn. 

PERKINS, PERRY B. (42) Piofessor of Physics, Howard University, Wash- 
ington, D. C. 

PeRLEY, F. G. (60) Instructor in Physics, Lehigh University, South 
Bethlehem, Pa. 

‘Pesrosky, V. (49) 1826 Delaware St., Berkeley, Cal. 

Puetps, W. A. (67) Dartmouth College, Hanover, N. H. 

PrENKOWSKY, ARTHUR. (61) Chevy Chase, Md. 

PLIMPTON, SAMUEL J. (62) Johns Hopkins Univ., Baltimore, Md. 

Pomeroy, J.C. (46) Univ. of Iowa, Iowa City, Ia. 

PorRTER, THOMAS LANSING. (49) Univ. of Cincinnati, Cincinnati, Ohio. 

Power, C. E. (66) 804 E. Seneca St., Ithaca, N. Y. 

PoweErs, WALLACE F. (61) Clark University, Worcester, Mass. 

Pratt, W. H. (62) Instrument Designing Engineer, General Electric Co., 
Schenectady, N. Y. 

RAFFERTY, REV. PATRICK. (66) 761 Harrison Ave., Boston, Mass. 

RANDALL, J. A. (59) Pratt Institute, Brooklyn, N. Y. 

RANDOLPH, O. A. (65) Univ. of Illinois, Urbana, III. 

RANKIN, HERBERT E. (59) Cherry Hill, Albany, N. Y. 
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RATLIFF, R. F. (66) Central Normal College, Danville, Ind. 

REED, TAYLOR. (61) General Electric Co., Schenectady, N. Y. 

REIGHLEY, H. H. (66) 2088 Tuller St., Columbus, O. 

REUTSCHLER, HARVEY C. (44) Assistant Professor of Physics, University of 
Missouri; 306 South 5th St., Columbia, Mo. 

Ricu, D. L. (66) Phys. Dept. Univ. of Michigan, Ann Arbor, Mich. 

RICHTMYER, F. K. (31) Assistant Professor of Physics, Cornell University; 
Ithaca, N. Y. 

ROBERTSON, JOHN K. (50) School of Mining, Kingston, Canada. 

ROEBUCK, JOHN R. (43) Instructor in Physics; 1226 Mound St., Madison, 
Wis. 

Roop, WENDELL PREscottT. (46) Dept. Physics, Univ. of California, 
Berkeley, Cal. 

Ross, P. A. (46) Instructor in Physics, Stanford University, California. 

RYSGAARD, JENS. (60) 715 N. 6th St., Grand Forks, N. D. 

St. JoHn, ANCEL. (68) Instructor in Physics, Worcester Polytechnic 
Institute; 53 Queen St., Worcester, Mass. 

SATTERLY, D. JOHN. (65) Univ. of Toronto, Toronto, Canada. 

SAWTELLE, W. (64) Haverford College, Haverford, Pa. 

SAYRE, HERBERT ARMISTEAD. (37) Professor of Mathematics, University, 
Alabama. 

SCHELLENS, C. A. (60) 56 Baltimore St., Lynn, Mass. 

SCHUDDENMAGEN, ConraD L. B. (31) 7228 Coles Ave., Chicago, III. 

ScHULTE, E. D. N. (25) Rensselaer Polytechnic Institute, Troy, N. Y. 

SCHULTz,. Wm. F. (23) Assistant Professor of Physics, Univ. of Illinois; 
926 W. Green St., Urbana, Illinois. 

SEVERINGHAUS, W. L. (54) Instructor in Physics, Fayerweather Hall, 
Columbia University, New York City. 

SHANNON, JAMES I. (68) Assistant Professor, St. Louis University, St. 
Louis, Mo. 

SHaw, A. N. (50) 422 Elm Ave., Westmont, Montreal, Canada. 

SHOOK, GLENN A. (40) University of Illinois, Urbana, III. 

SILVEY, O. W. (67) 244 Harrison St., W. La Fayette, Ind. 

SILSBEE, F. V. (65) Bureau of Standards, Washington, D. C. 

SLEATOR, W..W. (65) University of Michigan, Ann Arbor, Mich. 

SIMPSON, FRANK M. (23) Professor of Physics, Bucknell College, Lewisburg, 
Pa. 

SMITH, CHARLES HENRY. (33) Head, Department of Science, Hyde Park 
High School, Editor School Science and Mathematics; 5406 Madison 
Ave., Chicago, III. 

SMITH, CHARLES Marguis. (40) Assistant Professor of Physics, Purdue 
University; 910 S. Ninth St., La Fayette, Indiana. 

SMITH, KEITH K. (54) Garrett, Ind. 

SMITH, ORRIN H. (54). Assistant in Physics, University of Illinois; 710 W. 

Stoughton St., Urbana, IIl. 
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SMITH, T. TOWNSEND. (61) Instructor, University of Kansas; 941 Indiana 
St., Lawrence, Kansas. 

Snow, CHESTER. (66) Physics Dept., University of Wisconsin, Madison, 
Wis. 

SNYDER, ROBERT E. (51) Case School of Applied Science, Cleveland, O. 

SOMERVILLE, A. A. (51) U.S. Rubber Co., General Laboratories, 11th Ave. 
& 58th St., New York City. 

SoupER, Wm. H. (68) Bureau of Standards, Washington, D. C. 

SPARROW, CARROLL Mason. (40) Adjunct Professor of Physics, University 
of Va., Charlottesville, Va. 

SPONNER, C.C. (44) 146 W. Hewitt Ave., Marquette, Mich. 

STACK, ERwin B. (66) Monroe, N. C. 

STEPHENSON, EDWARD BEATTIE. (44) Instructor in Physics, University of 
North Dakota, Grand Forks, North Dakota. 

STETSON, HAROLD TRUE. (61) Dearborn Observatory, Northwestern Uni- 
versity, Evanston, IIl. 

STEVENS, Lucy M. Instructor in Physics, Wellesley College, Wellesley, Mass. 

STEWART, MAUDES. (36) 410 Winona St., Northfield, Minn. 

STIFLER, W. W. (39) Assistant in Physics, Fayerweather Hall, Columbia 
University, New York City. 

STILES, HAROLD. (44) Professor of Physics, Morningside College; 1714 Third 
Ave., Sioux City, Iowa. 

Stimson, HAROLD S. (61) Clark University, Worcester, Mass. 

STOEKLE, E. R. (60) Assistant in Physics, Science Hall, University of 
Wisconsin, Madison, Wis. 

STRADLING, GEORGE F. (36) Head of Science Department, Northeast 

Manual Training High School; 8th St. and Lehigh Ave., Philadelphia, Pa. 

STUHLMANN, OTTO, JR. (40) Lab. of Physics, Univ. of Pennsylvania, Phila- 
delphia, Pa. 

SWANN, CLIFFORD M. (26) 600 W. 145th St., New York City. 

TATE, J. T. (61) Univ. of Nebraska, Lincoln, Neb. 

TAYLERSON, Ewart S. (54) Room 54, 1 East 42nd St., New York City. 

TAYLOR, JOHN BELLAMY. (42) Engineer, Foreign Department, General 
Electric Co.; 7 Adams Road, Schenectady, N. Y. 

THOMAS, PHILLIPS. (43) 901 South Ave., Wilkinsburg, Pa. 

THOMPSON, GORDON. (55) Electric Testing Laboratories; 80th St. and 
East End Ave., New York City. 

Tipp, G. W. (66) Kansas State Normal School, Emporia, Kansas. 

TIMMERMAN, CHARLES E. (23) Chairman, Department of Physics, DeWitt 
Clinton High School, New York City. 

TRUEBLOOD, H. M. (67) Jeff. Phys. Lab., Harvard University, Cambridge, 
Mass. 

TRUESDELL, W. B. (65) Tutor in Physics, College of the City of New York, 
New York City. 

TuGMAN, Dr. OREN. 3 Kodak Park, Rochester, N. Y. 
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TuRNER, E. T. (30) Ithaca, N. Y. 

TWISDEN, HARRY SAMUEL. (52) 9 Harwood Ave., E. Saugus, Mass. 

ULREy, CLAYTON. (65) Columbia Univ., New York City. 

VaAwTER, C. E. (36) Head of Department of Physics, Virginia Polytechnic 
Institute, Blacksburg, Va. 

VAUGHAN, LENA. (31) Professor of Physics, Mississippi Industrial Institute 
and College; 1021 Main St., Columbus, Miss. 

WAKE, W.S. (66) 410 W. North St., Galesburg, III. 

WEBSTER, Davip. (65) 2 Walnut St., Boston, Mass. 

WEBSTER, Evans. (38) 11 Sachem Terrace, Lynn, Mass. 

WEssTER, E. H. (43) Atlanta University, Atlanta, Ga. 

WEIBEL, ERNEsT. (60) Asst. Physicist, Bureau of Standards, Washington, 
~~ <. 

WEINLAND, CLARENCE R. (67) 381 W. 10th Ave., Columbus, Ohio. 
WELD, LERoy D. (65) Professor of Physics, Coe College, Cedar Rapids, Ia. 
WENIGER, WILLIBALD. (43) Professor of Physics, Oregon Agricultural 
College, Corvallis, Oregon. , 
WeEnricu, C. N. (60) Asst. Prof. of Physics, University of Pittsburgh, 
Pittsburgh, Pa. 

WESTHAFER, WM. R. (61) Instructor in Physics, Amherst College; 9 
Woodside Ave., Amherst, Mass. 

WETZEL, R. A. (66) Physics Dept., College of City of New York, New 
York City. 

WHEELER, NATHANIEL E. (61) Senior Demonstrator in Physics, Macdonald 
Physics Bldg., McGill University, Montreal, Canada. 

WHITEHORNE, WILLIAM R. (39) Professor of Physics, Bates College, 55 
Cottage St., Lewiston, Me. 

Wick, FrancesG. (36) Instructor in Physics, Vassar College, Poughkeepsie, 
n. 3. 

WiLuiaMs, ELMER H. (53) Instructor in Physics, University of Illinois; 708 
W. Stoughton St., Urbana, III. 

Witiiams, Dr. H. B. (65) Columbia University, New York City. 
Wiirams, N. H. (55) University of Michigan; 1020 Olivia Ave., Ann 
Arbor, Mich. 

Wiry, J. H. (49) Lehigh University, South Bethlehem, Pa. 

WINCHESTER, GEORGE. (50) Professor of Physics, Washington and Jefferson 
College, Washington, Pa. 

Woopsury, D. A. (60) 634 Cabot St., Beverly, Mass. 

Wooprow, Jay W. (55) 917 St. Mark’s Ave., Brooklyn, N. Y. 

WriGcuTt, W. R. (66) Physics Dept., Columbia University, New York City. 

Wynne, Puitip H. (37) Consulting Engineer, Deerfield, Mass. 

York, FreD R. (65) University of Iowa, Iowa City, Iowa. 

ZoBEL, O. J. (60) University of Wisconsin, Madison, Wis. 
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Barnett, S. J., On Electromagnetic Induction, 
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Rays, A Determination of e/m and v by 
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199. 
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Dodge, H. L., The Change in the Elasticity 
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Electrical Charge, On the Elementary, and 
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kan, 109. 

Resistance, Change in, Due to the 
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Electromagnetic Induction, S. J. Barneit, 
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A New Type of Portable 


_ Galvanometer 


Sensitivity 


20 megohms 








Resistance 
about 225 ohms 


Period 


about 2 seconds 


This galvanometer is “= = 
strictly portable and will “= 
withstand as much rough usage “ 
as an ordinary voltmeter. 

The entire instrument is carried in 
an oak box measuring g inches by 4 inches 
by 4 inches and weighs but 9 pounds. 

When the case is to be closed the telescope is moved into a position 
parallel to the long axis of the box. 

The illustration shows an Ayrton Uni- 
versal Shunt and astandard 100,000 ohms 
resistance mounted in the instrument for 
use in insulation testing. 


c 
THE BEE os e, NORTHRUP ° 












The moving system is mounted in a 
separate unit. This is shown full size in 
the lower illustration. Should re- 
pairs to the system ever be neces- 
sary, this unit can be readily returned by 
mail, its weight being but 4 ounces. 


Bulletin No. 240 contains a complete de- 
scription of this instrument. A copy 
will be sent upon request. 


The Leeds & Northrup Co. 


" Electrical Measuring 
Instruments 


4900 Stenton Ave., 
PHILADELPHIA 
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You might write for our 
Cross Section Sample 
Book now 








This booklet is worth hav- 
ing on file. Manytimes we 
think we do not need an | 
article and so forget to 
have information on file. 
You will know the kinds 
available if you have our 
sample book. We can fill 
orders on short notice. 
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Cornell Co-operative Society 
Morrill Hall Ithaca, New York 

























Weston-A-C-Instruments 


A Complete 
Line of 
=~ Alternating 
Current 
Switchboard 


Indicating 


Instruments 


WATTMETER VERY detail of 
Single and Polyphase each of these FREQUENCY METER 
instruments has been 
most carefully studied 
and worked out so as 
to be sure that each 
shall fully meet the 
most exacting require- 
mentsof theservice for 
which it is intended. 
Neither pains nor ex- 
pense has been spared 
in the effort to produce 
instruments havingthe 
longest possible life, 
the best possible scale 
characteristics, com- 
bined with great ac- 
curacy under the most 
violent load fluctua- 
tions, and also under 
the many trying con- 
ditions met with in 
practical work, Every 
part of each instru- 
ment is made strictly 
to gauge and the de- 
sign and workmanship 
and finish is of the 
highest order of ex- 
VOLTMETER cellence. AMMETER 

























































Full particulars of design, construction, prices, etc., are given in Catalogue 16 
Write for it 


Weston Electrical Instrument Co. 
Waverly Park Newark, N. J. 





; eee ae 224 Liberty Sereet St. Louis. . 2. ww we ors Olive Street \ 
; Chicago . 1504 Monadnock Block 0 SSS ee 231 Fifteenth Street 
| een 176 Federal Street Sem Francisco ...... 682 Mission Street 
| Birmingham ..... Brown Marx Building OS) Serre 29 College Street 
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E. LEYBOLD’S NACHFOLGER, 


COLOGNE (Germany) 





Sole Manufacturers of 


Dr. Gaede’s High Vacuum Pumps 
sa 


Gaede’s Rotary Box Pump 


evacuates to .005 mm. 








Gaede’s Mercury Pump 


evacuates to .OOOOI mm, 


Gaede’s Molecular Pump 
Entirely new working principle. 
Most rapid action. 

Without mercury and drying agents. 

It pumps vapors as well as gases, 

It evacuates to .ooOOOO! mm. and more. 


‘See description in Nature, No, 2256, Vol. 90, 
page 574- 














RESISTANCE UNITS 


FOR ALL PURPOSES 





The Cutler-Hammer Mfg, Co, has developed resistances for every kind of service, 

Our Carpenter enclosed resistances are extremely compact in construction and are well 
‘suited for service in damp and dirty locations and where temporary overloads occur, 

The Wirt Calibrating Rheostats are adapted for work requiring fine variations of high 
resistance as in laboratory or calibration work, 

Our catalog lists hundreds of styles and sizes of resistance units, 

Send to our nearest office for further information, 





THE CUTLER-HAMMER MFG. CO. 
MILWAUKEE 


NEW YORK: Hudson Terminal, 50 Church St. CHICAGO: Monadnock 
Block. PITTSBURG: Farmers Bank Bldg. BOSTON: 176 Federal St. 
PHILADELPHIA: 1207 Commonwealth Trust Bldg. CLEVELAND: 1108 
Schofield Bldg. Pacific Coast Agents: Messrs. Otis & Squires, 155 New Mont- 
gomery St., SAN FRANCISCO, CAL. 
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LEPPIN & MASCHE 
BERLIN, S.O., GERMANY 17 ENGELUFER. 


Factory of Scientific Instruments 


Apparatus for a novel method of demonstrating the varying curves of sound 
waves upon a screen (acoustic oscillograph). 


1\ Stand with Sound Box, two Mirrors, and Horn with Bell 
Mouth, $20.50. 


2) Rotating Mirror, Precision Instrument, $15.50. 
Whirling Table with Heavy Wheel, $13.10. 
3) LanternSlides of Curves taken by F.F.Martens and O.Leppin 


DIVAS 10 Curves of 


VOWEL “A” Sound Waves 
. and Scheme 
REED PIPE together, $2.40 




















HARTMANN & BRAUN, A.-G. @, 
FRANKFURT am Main(Germany) © 
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Electrical Instruments for Laboratory Use 





Galvanometers of all kinds for aperiodic and ballistic 











measurements 


STANDARD§SRESISTANCES--STANDARD CELLS 
POTENTIOMETERS--WHEATSTONE BRIDGES etc. 








Ask for illustrated list L 
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Complete Line of Electrical 
Standard and Testing 


Instruments 
including Precision Resistances, 
~ . Es: 
or ls meters, Potentiometers, - 
mroNDONA. TENTED ) ard Wattmeters, 


“ei! Portable measuring instru- 
ments, from 10-7 ampere and 
10-5 volt ; for Direct, Alternat- 

or -Frequency Currents. 
Apparatus for -Frequency 


Measurement of Inductance, 
Capacity and Effective 
Resistance 


a i 20 YEARS’ EUROPEAN 
a i REPUTATION 

——S | For Design and W>rk- 
manship 


W.PAUL. 


(HEAD OFFICE AND FACTORY, LONDON, ENGLAND) 


1 EAST 42ND STREET, NEW YORK 

















New Wallace Replica Gratings 


To our original line of replica gratings (made from Rowland gratings) we have added a 
new series (Nos. 3424 R and 3424S) made from a Michelson grating of exceptional 
quality and ruled with 25000 lines to the inch. The great angular dispersion obtained by this 
number of lines makes the first order spectrum available for most work. 


NET PRICE LIST 


All Grade A and Grade B gratings are enclosed in leather covered velvet lined case. 














No. Size of Ruled acumen No. of Lines 

Surface, mm. A B Cc D to x Inch. 
3420 28x20 $5.00 $4.00 $3.00 $2.00 14,438 
3421 25x21 5.00 4.00 3-00 2.00 15,000 
3422 28x20 5.00 4.00 3.00 2.00 20,000 
3423 47x35 8.00 7.00 5.00 3-00 15,000 
3424 46x32 8.00 7.00 5.00 3.00 20,000 
3424R 25x30 6.00 5.00 4.00 2.50 25,000 
3424S 50x30 10.00 8.00 6.00 4.00 25,000 


























CENTRAL SCIENTIFIC COMPANY 


412 to 420 Orleans St. (Old Location) CHICAGO, U. S, A. 
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10 Kw. Double Current Generator Set 


Electrical Machines 


Especially Designed for Experimental Work in 
College Laboratories 


Double Current Generator: Designed to illustrate the char- 
acteristics of the following machines. 


Two-phase or three-phase synchronous converter. 
Double current generator, giving direct current and single- 
phase, two-phase or three-phase alternating current. 
Direct current generator. 
Two-phase or three-phase alternating current generator. 
Direct current motor. 
Two-phase or three-phase synchronous motor. 
Inverted synchronous converter giving two-phase or three- 
phase alternating current. 
Polyphase Generator: Equipped with revolving field and 
three extra induction motor rotors. Illustrates the operating 
characteristics of generator, synchronous motor, and of squirrel 


cage, slip ring and internal resistance type induction motors. 


Regulating PoleConverter: An 8 kw. machine that illustrates 
one of the more recent developments in synchronous motors. 


General Electric Company 


Largest Electrical Manufacturer in the World 
General Office, Schenectady, N. Y. Sales Offices in fifty-four cities 


























MORSE TWIST DRILL New Bedford, 
& MACHINE COMPANY Mass. 
Makers of Twist Drills, Reamers, Cutters, Etc. 
TOOLS THAT PROVE THEIR WORTH. 











WM. G AERTNER & CO. 5345-49 Lake Avenue, 


CHICAGO. 
PHYSICAL & ASTRONOMICAL APPARATUS 


SPECIALTIES. 
Interferometers, Cathetometers, 
Spectrometers, Dividing Engines, 

Heliostates, etc., etc. 
We are now in position to furnish all the apparatus 


for MILLIKAN & MILL’SCOURSE in Electricity, , 
Sound and Light. Dynamo Analysis Apparatus. 
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“G-R” Laboratory Rheostats 


*‘G-R ” Laboratorv Rheostats, with 
slid ng contacts, a. ~ e. reme y con- 
venient for laboratory use. They 
are wound on slate blocks or enam- 
elled steel tubes, and are furnished 
in several types, with current capa- 
cities and resistances enough in each 
type to suit almost every require- 
ment. Used by Universities, Col- 
leges, Industrial Companies, makers 
of Electrical Instruments, and De- 
partments of the U. S. Government 
(including the Bureau of Standards). 
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For full particulars, write for new 





Illustrated Catalog 782. 
JAMES G. BIDDLE 
1211-13 Arch Street PHILADELPHIA 


When in Philadelphia be sure to visit our Permanent Exhibit of Scientific Instruments 


Paennemninn 
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Franz Schmidt & Haensch 


Scientific Instrument Makers 
Berlin S. 42, Prinzessinnenstr. 16 






Projection Apparatus for Diapo- 
sitifs and Experiment, Episcopes and 
Epidiascopes of the newest per- 
fect constructions, Spectroscopes, 
Photometers, Polariscopes 
of the highest sensibility for scientific 
work, 





Prospectus on demand 





New Episcopical 
Projection Apparatus 


(Kugelepiskop D. R. P. No. 250314) 














Electric Motor Rotators 


For 130 V. D.C. 220 V. D.C, 
110 V.60 Cycle A. C, 
10 V. Battery Current, 







“ 803; s0 % m Cc. 
C, H. STOELTING COMPANY 


Sctentific Apparatus and Laboratory Supplies 


121 North Green St. CHICAGO, ILL., U. S. A. 





Catalogue on Application 
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Société Genevoise pour la Con- 
struction d’Instruments de 
Physique etde Mécanique 


GENEVA (Switzerland) 


Makers of any Scientific Apparatus of Best Quality 
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New Design of Prof. P. WEISS Electromagnet. 
(Patent) 


Winding of coils with hollow copper tube, traversed by the electric current and 
the cooling water. Absolutely no heating of the magnet. 
New Spectrometers and Spectrographs with great separating power (up to 55,800 
units). 


| Measuring apparatus for Spectro Photograms. New design of highest accuracy. 





Complete Equipments for Physical Laboratories 





Write for an Illustrated Price List 














The Bates Polariscope 


Designed by Dr. Frederick Bates of the U. S. Bureau 
of Standards and manufactured for us by J. & J. Fric, of 
Prague, Bohemia. Bought by the U. S. Bureau of Stand- 
ards for use as a Standard at Ports of Entry. Also in use 


by the U. S. Bureau of Chemistry. 


Any desired sensibility and brightness obtainable with- 
out change of Zero point. For use with white light.’ 
The latest and most complete instrument on the market. 


Full particulars upon application. A large line of 
other polariscopes for special or general purposes always 
in stock. 


EK. H. SARGENT & CO. 


Established 1852 


Importers, Makers and Dealers in Chemicals and Chemical 
Apparatus of High Grade only. 


125-127 W. Lake Street CHICAGO 


12 








Ae CONDUCTED BY 
gape THE 
AMERICAN. PHYSICAL 
-" * t a te P 
BOARD “OF. EDITORS 
F. BEDELL, Managing Editor | 
J. S. AMES W. F. MAGIE B. O. PEIRCE 


K.E.GUTHE | R.A. MILLIKAN — CG; A. SKINNER: 
J; C. MCLENNAN’ © _E. F, NICHOLS J. ZELENY 


DECEMBER, 1913 


A Powerful Réntgen Ray Tube with a Pure Electron Discharge. 
W. D. COOLIDGE . 8 


The Change in the Elasticity of a Copper Wire with Current and External 
Heating. H. L. DODGE 43: 
Ws Teoct gnc Gait olin! Gaus a nada f 
Vacuum. IRVING LAN 45° 
The Sensibility Curves for. Selenium ; a New Sensibili Wave-Length 
: and a post Principle. F. C. BROW one L. P. SIEG 0% 
On the Nature of the Volta Effect. FERNANDO S 
The Magnetic Susceptibility of Gases. WwW. Pe. 
Proceedings of the American Physical Society : 
Conditions sadantess,” a PO aaa of Primary Current with I 
Secondary Current, F. J, Rogers; acim Theory; General Dynami- 
cal Principles, Richard C. Tt olman; Rela sn Fle ph ‘the Equipartition 
Law in a System of Particles, Richard C. Ti 
List of Members of the American Physical Society 


‘Index 





PUBLISHED BY 
THE AMERICAN PHYSICAL SOCIETY 
LANCASTER, PA., AND ITHACA, N, Y. 
Entered at the post-office, at Lancaster, Pa., as second class matier 





Conducted by 


‘THE AMERICAN PHYSICAL SOCIETY 


BOARD OF EDITORS 
Feeprrick BepELl, Managing Editor 
J. S. Ames W. F. Mace B, O. Pamce 
K. E. Gurae R. A. MILLIKAN C. A. SKINNER 
J. C.. McLennan E. F. NicHots J. ZELENY 


Annual Subscription, throughout the Postal Union, $6.00 
Single Copies, postpaid, $.60 


Subscriptions should be sent to THe Paysicat Revisw, 41 North Queen Street, Lancaster, 
Pa., or Ithaca, N. Y 

Two volumes of Tue PuysicAL Review are published annually, these volumes beginning 
~ im January and July, respectively, and containing six numbers each. 


A limited number of complete sets of the Review, Yoth First and Second Series, will be 
supplied at the price of $3.00 per volume for all volumes, carriage extra. When they can 
_ ~be furnished without breaking a set, separate back volumes will be supplied at the same 
price, and single back numbers will be mailed to any address in the Postal Union at the price 
of $.60 per copy. 


First Series. From July 1, 1893, to January 1, 1913, the Review was conducted by Edward 
L. Nichols, Ernest Merritt and Frederick Bedell, with the financial support of Cornell 
University. During this period thirty-five volumes were issued, constituting the First Series. 
The first four volumes of the First Series were issued annually; subsequent volumes were 
issued semi-annually. 

Second Series. On January first, 1913, the Review was transferred to the American 
Physical Society. A second series was then begun, the January, 1913, number being desig- 
- nated Volume I., Number 1, Second Series. (An announcement of this transfer will be found 
on the first page of the new series.) 


For advertising rates, address Taz Puysicat Review, Itheca, N. Y. Change of copy 
in standing advertisements should be sent direct to the printers, Taz New Era PrintTING 
Co., Lancaster, Pa. 

Contributors to the Review are referred to page two of the advertisements for further 
information. 


Permission is ies to republish any article appearing in.the Review, provided proper 





_ Address correspondence to 


THE PHYSICAL REVIEW, Ithaca, N. Y., U.S. A. 





Size C. 
WITH WAVELENGTH SCALE 


This Spectrograph, which is shown in the above illustration 
~~ has quartz lenses of 610 mm. focal length, and gives.a spec- 
trum which measures 200 mm. from W.L. 2100 to W. L. 8000. 


The following print is a process reproduction, enlarged 

three times, of a portion of a photograph of a comparison 

spectrum taken on one of these Spectrographs adapted with 
Wavelength Scale. 





Full particulars post free on application to 


ADATI HILGER Ltd. 
75 A. Camden Road LONDON, N. W. 


Telegraphic address “ Sphericity, London.” Cable Code---Western Union. 





Manufacturers of | 
Civil Engineers and Surveyors Instruments, — 
Physical and Scientific Apparatus, 
Standard Weights and Measures, 
Mercurial Thermometers 








spss 























































